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THEME

With the advent of new systems operating at high latitudes in the field of detection, navigation and communications and
with the new experiments at high latitudes ranging from incoherent scatter studies to satellites for studying high latitude
irregularity structure, it is of considerable importance to relate the advances in high latitude studies to military systems. The
concept of this proposal for a meeting on propagation effects on military systems in the high latitude region is to bring
together these two areas.

The behaviour of the propagation environment at high latitudes differs from that at lower latitudes, affecting radiowave
propagation across the RF spectrum. The differences are ascribed to the interplanetary and magnetospheric geophysical
events which are guided earthward by the geomagnetic field.

The high-latitude ground region is characterized by a rugged terrain and by a tremendous variation in ground electrical
characteristics.

The severe climatic conditions include a large daily and seasonal temperature variation, extremes of temperatures, high
winds, ice accumulation, precipitation (rain, snow, ice crystals, sleet, hail), surface and elevated temperature inversions which
produce large refractive gradients and ducts. NM

The high latitude ionosphere is affected by two major phenomena: energetic particles from the sun and from the outer , -
magnetosphere penetrate the atmosphere and create ionization at various altitudes; and solar wind induces an electric field
perpendicular to the magnetic field which causes ionization drifts and thus contributes to the formation of ionization I._.; ,
irregularities. Some of the ionospheric propagation anomalies created include: auroral and polar cap absorption; sporadic E,
small scale irregularities (spread F) giving rise to scattering and fading phenomena and causing transionospheric amplitude
and phase scintillations; effects of magnetic substorm activity, density troughs. and large sheets of field-aligned ionization.

The Symposium directed its efforts towards propagation problems and solutions for many systems. The topics include
satellite communication over polar and auroral latitudes, over-the-horizon radar, low frequency propagation under high
latitude conditions, remote sensing of high latitude regions by active and passive EM systems, and HF communications at
auroral and polar latitudes. Unique lower atmospheric effects and multipath problems of importance at high latitudes will
also be discussed.

With the NATO northern flank nations (in both the European and North-American sectors) situated in the high-
latitude region, with NATO air routes across the Atlantic traversing that region, and with surveillance and early-warning ,
svstems looking in the direction of the region, the propagation characteristics of the high-latitude region are of critical
importance to the mission of the alliance in the areas of communications, navigation and surveillance.

%

L'apparition de nouveaux syst~mes de dtection, de navigation et de communications fonctionnant 4 des latitudes
dev~es et les experiences rdcemment effectuces a ces memes latitudes dans des domaines allant de la diffusion non
coherente aux satellites charges d'tudier la structure irrdguliire des latitudes 6levocs. conf&rnt une importance extremc ii
I'ttablissment d'une liaison entre les progres des 6tudes sur ces latitudes et les syst~mes militaires. Le concept de base de
cette reunion qui traite des Effets de la Propagation sur les Systimes Militaires dans la Region des Latitudes Elevdes est de ...
rapprocher ces deux domaines. Le comportement du milieu de propagation aux latitudes 61ev~es diffirc de celui que l'on
peut observer aux faibles latitudes et affecte la propagation des ondes radio i travers le spectre des frtquences radio. Les
differences observees sont attribudes aux phdnomines geophysiques interplanttaircs et magnetospheriques qui sont guides
vers la terre par le champ gdomagnetique.

La zone terrestre situec aux latitudes dlevees est caract6risde par un terrain accidenta et par une tnorme variation des
caracteristiques electriques au sol. , .-

Les conditions climatiques y sont rigoureuses: variations considerables des temperatures quotidiennes ct saisonnicres., .
temperatures extremes, vents forts, accumulation de glacc, precipitations (pluie, neige. cristaux de glace, grsil, gr31e).
inversions des temperatures en surface et en altitude avec production d'importants gradients de refraction et de conduits.

Aux latitudes 6Ievdes, l'ionosphire est affectie par deux phdnomincs majeurs: des particules 6ncrgdtiques issues du
soleil et de la magndtosphire externe pdnitrent dans I'atmosphire et creent une ionisation i diverses altitudes; le vent solaire
cr&c un champ dlctrique perpendiculaire au champ magnctique qui entraine des drives d'ionisation, contribuant ainsi ii la
formation d'irrdgul.-,tds d'ionisation. Parmi les anomalies de propagation ionosphdrique ainsi credcs, on pcut citer:
I'absorption par la calotte aurorale et polaire, I'E sporadique, les irregularits de faible echelle (F diffus) entrainant des
phcnomines de diffusion et d'affaiblissement et creant des scintillations d'amplitude ct de phase i travers l'ionosphrc; les
effets des activites des sous-orages magnetiques, Ics creux de densit6 el de vastcs nappes d'ionisation alignees dans Ic champ.

Les conferenciers du Symposium ont concentre leurs efforts sur les problemes de propagation ct leurs solutions dans Ic
cas de nombreux systemes. Les sujels traitis comprennenl les communications par satellites aux latitudes polaires c"



aurorales, le radar au-deli de l'horizon, la propagation basses fr~quences dans des conditions de latitude elevee, la ditection
A distance des rigions situEes aux latitudes ilevees grice h des systimes ilectromagn~tiques actifs et passifs, et les
communications hautes frequences aux latitudes aurorales et polaires. Sont 6galensent itudiis les effets uniques de la basse
atmosphire et les problemes de multi-trajets. importants aux latitudes ilevies. Les pays du front septentrional de I'OTAN '

(en Europe comme en Am~rique du Nord) etant situis dans la region des latitudes 6levies, les itin~raires airiens de 'OTAN
au-dessus de l'Atlantique traversant cette rigion et les systimes de surveillance et d'alerte 6loign~e 6tant onecntes vers celles-
ci, les caract~ristiques de propagation dans les zones situdes aux latitudes 6lev~es rev~tent une importance critique pour la
mission de l'Alliance en mati~re de communications, de navigation et de surveillance.

jo I.>
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EDITOR'S COMMENTS .* %

These proceedings represent the totality of the AGARD/EPP symposium on "Propagation Effects on Military Systems
in the High Latitude Region" held in Fairbanks, Alaska, USA, 3-7 June 1985. It is hoped that these proceedings will
constitute the state-of-the-art document on this important subject.

The papers appearing in the proceedings of this symposium have been printed from copies furnished directly by the
authors. For the most part, the question-and-answer comments which followed individual presentations, were written by the
discussors for inclusion in these proceedings. This procedure gave the discussors the opportunity to rephrase and possibly
re-think their comments. The session summaries, which highlight the subject matter presented and discussed during the %
sessions, were prepared by the session chairman. The editor wishes to thank them for their efforts here and for ably directing
the presentation and discussion periods during the symposium.

d. ,
The general discussion portion of these proceedings was summarized by the session chairman from taped - ...

transcriptions. Quite often the coherency of thought is lost in the transcription, and considerable freedom was used in the -

interpretation of the comments. The editor apologizes for any changes in meaning or style that may have been made in
preparing a printable version of the discussions. , ,

The success of the symposium was assured by the collective support afforded by members of the program committee
whose names are given elsewhere in these proceedings.

The editor wishes to thank the EPP Chairman for his interest and support in the preparation and execution of the
symposium. Further, he wishes to acknowledge the support of the EPP Executive and his staff as well as his own organization
in the preparation of these proceedings.

HAIM SOICHER
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TECHNICAL EVALUATION REPORT

Professor Robert D. Hunsucker, Ph.D.
Geophysical Institute
University of Alaska

Fairbanks, Alaska 99775-0800
USA

Introduction

The 36th Symposium of the AGARD Electromagnetic Wave Propagation Panel (EPP) was held at the
University of Alaska in Fairbanks, 3-7 June, 1985, with the title "Propagation effects on military
systems in the high latitude region". The chairman of the EPP, Dr. J. H. Blythe was assisted by the

..q Technical Program Committee (Chairman, Dr. H. Soicher), the AGARD panel Executive, Lt. Col. T. B.
*Russell and the Host Nation coordinator, Professor R. D. Hunsucker in facilitating a stimulating %!

symposium which had both technical breadth and depth. Some 70 scientists, engineers and administrators
representing eleven NATO countries and Australia presented 43 papers, took three technical tours,
participated in a 1 1/2 hour roundtable discussion and in many informal technical discussions. (See
Appendix A for a listing of the specific papers presented and Appendix B for a list of symposium
participants. *

Theme -

The following theme of the symposium taken from the meeting announcement explains cogently how%
and why the Symposium topic was selected.%

"With the advent of new systems operating at high latitudes in the field of detection, navigation and
communications and with the new experiments at high latitudes ranging from incoherent scatter studies h44 to satellites for studying high latitude irregularity structure, it is of considerable importance to
relate the advances in high latitude studies to military systems. The concept of this proposal for
a meeting on propagation effects on military systems in the high latitude region is to bring together
these two areas.

The behavior of the propagation environment at high latitudes differs from that at lower latitudes,
affecting radiowave propagation across the RF spectrum. The differences are ascribed to rugged terrain,
severe climatic conditions, and influences of the interplanetary and magnetospheric geophysical events
which are guided earthward by the geomagnetic field.

The high-latitude ground region is characterized by a rugged terrain and a tremendous variation in ground
electrical characteristics.

The severe climatic conditions include a large daily and seasonal temperature variation, extremes of
temperatures, high winds, ice accumulation, precipitation (rain, snow, ice crystals, sleet, hail), sur-
face and elevated temperature inversions which produce large refractive gradients and ducts.

The high latitude ionosphere is affected by two major phenomena: energetic particles from the sun and
from the outer magnetosphere penetrate the atmosphere and create ionization at various altitudes; and
the solar wind induces an electric field perpendicular to the magnetic field which causes ionization ,
drifts and thus contributes to the formation of ionization irregularities. Some of the ionospheric
propagation anomalies created include: auroral oval absorption and polar cap absorption; sporadic E,
small scale irregularities (spread F) giving rise to scattering and fading phenomena and causing trans-
ionospheric amplitude and phase scintillations; effects of magnetic substorm activity, density troughs,
and large sheets of field-aligned ionization.

*The symposium will direct its efforts towards propagation problems and solutions for many systems. These
topics include satellite communication over polar and auroral latitudes, over-the-horizon radar, low
frequency propagation under high latitude conditions, remote sensing of high latitude regions by active
and passive EM systems, and HF communications at auroral and polar latitudes. Unique lower atmospheric
effects and multipath problems of importance at high latitudes will also be discussed.

With the NATO northern flank nations (in both the European and North-American sectors) situated in the s*.'
high-latitude region, with NATO air routes across the Atlantic traversing that region, and with sur-
veillance and early-warning systems looking in the direction of the region, the propagation characteristic%
of the high-latitude region are of critical importance to the mission of the alliance in the areas of
communications, navigation and surveillance."

Purpose and Scope

__ The purpose of this meeting was to bring together ionospheric physicists, communications and
systems engineers, plus managers and users of communications and surveillance systems from the NATO
countries to exchange information on the subject of the symposium. Included in the scope of the
meeting were: (1) detailed experimental studies of ionospheric irregularities and regular structure,
(2) results of ionospheric modification (HF heating) experiments, (3) theoretical studies ot ionospheric
irregularity formation, (4) a global survey of ground conductivities, (5) results ot disturbance modeling
studies, and (6) high latitude effects on the following systems: a) HF radio communication, b) Trans-

* . ionospheric communications, c) Satellite synthetic aperture radar (SAR), d) MF radio broadcasting, e)
Spatially adative propagation, f) HF digital, g) Skywave HF sea-state radar and h) meteor burst communi-
cation. I



The actual titles of the symposium sessions were:

I. Overview (2 papers)
II. Transionospheric Propagation and Considerations (9 papers)

III. Propagation Aspects of HF Communications (6 papers)
IV. High Latitude HF Probing (7 papers)
V. Ionospheric Modification (2 papers)

VI. Incoherent/Coherent Scatter (4 papers)
VII. Measurement Techniques/Models/Morphology and Physics (5 papers)

VIII. Low-Frequency Propagation (3 papers)
IX. Meteor Burst/Scatter (2 papers)

Evaluation

This section is an attempt to distil the essence of the following items:

A) The Session chairmen's summaries
B) The TER author's evaluation of salient papers
C) The Round Table discussion
D) The TER author's assessment of the overall technical-scientific situation vif i vif AGARD/NATO

The TER author is responsible for the selection, paraphrasing and editing of information from items

A and C and bears sole responsibility for opinions expressed in items B and D.

A. Session Summaries

Session I There were two invited review papers; "Solar-terrestrial relationships in the high
latitude region" (#1.1), by Professor S.-I. Akasofu of the University of Alaska, and "Media effects on ..
systems in the high latitude region" (#1.2), by Dr. E. Thrane of NDRE-Kjeller, Norway. Paper lJ..dis-
cussed how the magnetosphere responds to the interplanetary magnetic field (IMF) and to the character-
istics of the solar wind. This analysis technique makes it possible to predict the geometry of the
auroral oval and the intensity of a geomagnetic storm as a function of time if the IMF and solar wind
parameters are known. Thrane reviewed the transmission media effects across the radio spectrum at high
latitudes, including high latitude propagation effects on the important signal parameters. He concludes
that modern technology makes it possible that communications and sensing systems can adapt to the high
latitude propagation conditions, but that accurate modeling of this medium is necessary.

Session II Over the last 20 years, the morphology of high latitude irregularities at high latitudes
has been explored. These Irregularities can be divided into 1. - polar cap, 2. - auroral, 3. - trough
and 4. - plasmapause regions. The scintillation studies have clearly shown that auroral irregularities
are a function of geomagnetic index, time of day and solar flux. Polar irregularitie-s-morphology is
also generally understood. The first measurements of total electron content were reported at this
conference, giving more information on the extent of polar irregularities including their form and
velocity. More importantly there were attempts to link the irregularity studies to large-scale probing
of the ionosphere-magnetosphere interaction. The future holds the possibility of understanding the

rrocesses that link the high-latitude ionosphere to the magnetosphere and eventually to the sun.
he interaction of these physical studies with propagation measurements will lead to means of forecast-

ing and predicting fading of transionospheric signals and to methods for reducing the effects of F-layer
irregularities on transionospheric satellite propagation.

Session III The papers by Darnell, Goutelard and Caratori concerned how improved equipment and system
design could overcome the problems associated with high latitude propagation. The papers by Quegan,
Milsom and Herring and by Damboldt addressed ionospheric modeling at high latitudes, and at mid-latitudes
during disturbed periods. The paper by Cormier, et al., described a new experiment between Thule and
Goose Bay to measure azimuth and elevation arrival angles of HF skywave signals and illustrated the vari-
ability of the auroral ionosphere.

Hunsucker, et al., compared theoretical predictions with experimental results for medium frequency_ ,
(MF) skywave signals received at Fairbanks, Alaska, and concluded that these signals were dominated by
D-region absorption and that the FCC standard curves should include some variability for auroral latitudes.

Session IV This session was devoted to measurements at high latitudes, five of the papers dealt with
oblique backscatter and two described zenithal sounders. The reports presented show that the measurements
taken in high latitudinal regions are particularly difficult, notably because of the complexity of the
phenomena which develop there. They imply the implementation of complex systems, and the results show the
necessity of following up these studies in the years to come.

Session V Intentional modicatlon (or heating) of the ionosphere by high-powered radio waves con-
tinues to be a subject involving much experimental and theoretical interest. Ionospheric changes that
result from such heating are on a wide range of spatial and temporal scales. Such changes permit detailed
investigation of the physical processes occurring through observations of the amplitude, phase and
spectral content of radio waves that traverse the heated volume.

Session VI Bauer reviewed recent scientific work using EISCAT. Results of large, medium and small
scale studies were discussed, and comparisons between EISCAT and the STARE radar measurements were , . ,
communicated.

In order to investigate small structures in the high latitude F-region, Hargreaves et al., have
used beam scanning of EISCAT. The magnitudes of irregularities observed in four runs between 1982
and 1984 are analyzed with periods shorter than 2 minutes. Field aligned irregularities of scales of
more than a few kms can be traced by the EISCAT UHF radar up to heights of about 700 km. %



Kofman and Lathufllere used EISCAT to investigate the response of the ionospheric plasma to the
energy deposition of particle precipitation during disturbed conditions as compared to undisturbed
situations. They obtained results on the change of ion composition in response to electron precipi-
tation and Joule heating, and on the variation of neutral density and temperature depending on the
energy input.

Jones et al., presented results obtained from experiments with the SABRE radar. The strongest
backscatter between 13-19 UT and 23-03 UT was found associated with the main electrojets, and only
weak backscatter occurred around the convection reversals. The aspect angle attentuation can take any
value between 0 and 10 dB per degree depending on the absolute intensity measured. The characteristics
of the backscatter irregularities are important to estimate the qualty of communications and surveillance
systems operating in either HF or VHF frequency bands at these latitudes.

Session VII As suggested by the session title, a variety of subjects were discussed. The first paper
By-TaagToit gave an overview of geophysical measurements in the Greenland area, emphasizing the
importance of this area for Arctic radio propagation and giving examples of the very considerable
activity initated by Danish and US agencies.

Modelling of the Arctic propagation medium was addressed in two papers by Watkins and Hargreaves. I ,The two authors had very different approaches: Watkins described a three dimensional ionospheric model %,

based on physical processes governing solar-terrestrial interactions, whereas Hargreaves presented a
statistical model for ionospheric absorption based on riometer measurements at arctic stations.

Lee described an interesting study of the physical mechanisms responsible for the generation of
high latitude ionospheric irregularities. Progress is being made in this field, which is of great
importance for radio systems in high latitudes.

The final paper in the session dealt with phenomena in the mesosphere. Dr. Widdel presented
new results from tracking of chaff clouds. These measurements provide new insight Into the dynamical
processes in the non-ionized air in the lower ionosphere. These processes are of importance for the
understanding of the coupling between the ionized and neutral species.

Session VIII Field presented lower ionosphere conductivity profiles which were derived from oblique
VHF soundings in North Greenland during a large solar proton event. The results were compared with
conductivity data derived from satellite measurements of the proton flux, at various energies. Al-
though the results obtained from the two data sources differ, both methods show a conductivity during
a solar proton event, which exceeds the conductivity during undisturbed conditions, by two or more
orders of magnitude.

Prolss presented a study which comprises theoretical calculations and measurements of lightning
discharges. The maximum spectral energy of the pulses are typically in the 5-9 KHz frequency range.
The lightning discharges seem to be the predominant natural source of electromagnetic energy in this *\

frequency range, and the analysis has shown, that it is possible to determine the propagation character-
istics of the Earth - Ionosphere waveguide at VLF frequencies, by receiving the signals from this
source at a distant location. In addition, it is possible to determine the location of thunderstorm
areas.

In a second paper, Field presented a study which concerned unexpected attenuation of ELF signals
in the Gulf of Alaska during PCA events. Calculations show that the attenuation might be caused by
refraction of the ELF field into the Polar Cap during PCA events. -, '

Stokke discussed ground conductivitles with particular emphasis on the high latitude region.
The earth's conductivity is a determining factor for low frequency propagation. Typical values of
arctic ground conductivity, which can vary by six orders of magnitude for different types of terrain
was presented. The importance of including information on the seasonal variation of the earth
conductivity in the Arctic areas in the first edition of the CCIR conductivity atlas was discussed.
An atlas is planned for publication during the fall 1985. Him
Session IX This session comprised just two papers. However, in combination they give a rather
complete account of the current state of the art. Meteor Burst Communication (MBC) systems were ".X
actively studied in the 50's and have been under review ever since, but have never been used r'.significantly in military systems. Recent advances in receiver systems and integrated circuit

technology have led to renewed interest, reflected in the two papers, which concentrate on aspects Erelevant to high latitudes.I=

The two papers form a valuable complementary pair, slowing that data is being gained which would
enable system design to be undertaken with confidence in the event of a decision to deploy. This
data covers many new aspects which were not addressed in earlier studies, such as the integrity of
security in various propagation events, the effect of polarization rotation, and the overall influence
of frequency.

B. Comments on Some Salient Papers

The following discussion contains summaries by the TER author of papers in the order they were
presented at the symposium which he considered to be of the most importance to the mission of NATO
as defined by AGARD. ',. ._

Welcoming address by Professor Juan Roederer. "

Professor Roederer, Vice Chairman of the U.S. Arctic Research Commission and Director of the
Geophysical Institute of the University of Alaska, described the developments leading to signing .. 7



into U.S. law the formation of the Arctic Research and Policy Act of 1984 which establishes an
Arctic Research Commission and an Interagency Arctic Research Policy Committee. It designates the
National Science Foundation as the lead agency responsible for implementing arctic research policy.
It mandates the formulation of a comprehensive five-year Arctic Research Plan and it requires the
preparation of a single, integrated multiagency budget request for arctic research.

In the fields of research of NATO/AGARD interest, some important recommendations and related
priorities are being considered.

Concerning defense-related issues, the following research areas are being identified as needing
special emphasis:

1. To improve the reliability of prediction of auroral, ionospheric and magnetic disturbances in
the Arctic regions.

2. To study the mechanisms responsible for the formation of ionospheric inhomogeneities and their
effects on electromagnetic wave propagation.

3. To obtain a long-term data base and to maintain a real-time information flow on the natural
electromagnetic and particle radiation background using ground-based, rocket and satellite techniques.

The present AGARD Symposium dealt with a research subject that will be given high priority by the
Arctic Research Commission, and which in its applied aspects, is already receiving high priority in the
framework of the general Arctic Policy that is being forged by the President.

The new U.S. Arctic Policy decisions should be welcomed not only by the United States scientific
community with interests in the Arctic, but also by the residents of the Arctic, by the private sector -t'
operating in the Arctic, and by our NATO partners.

Session I - Paper 1.1. Professor S.-I. Akasofu, "Solar-terrestrial relationships in the high latitude
Region. AKasofu presented a prediction scheme which has as inputs the solar wind parameters and the
vector description of the interplanetary magnetic field, then uses a very sophisticated computer model-
ing scheme to obtain the geometry of the auroral oval and the intensity of the geomagnetic storm - which ,1 ,,
are the main parameters of use to model the disturbed high-latitude ionosphere. The paper by Watkins,
et al., in Session VIlI extends these results to the polar ionosphere.

Session I - Paper 1.2. Dr. livand Thrane, "Media effects on systems in the high latitude region", Thrane - ,.-
gives a good revlew ot the salient media effects. 1'"'-

Session 11 -Pa er 2.2. Dr. J. A. Klobuchar, et al., "Total electron content and L-band amplitude and
phase sci~ ntTlaton easurements in the polar cap ionosphere", presented the first measurements of absolute
total electron content (TEC) and L-band amplitude and phase scintillations from a polar cap station. The
observations showed a 100% increase in TEC above background levels, sometimes lasting for over two hours.
Phase scintillations were highest during some of the enhanced TEC periods. These results should be appli-
cable to the design and operation of L-band satellite systems operating in the polar cap. i . "

Paper2.. - Dr. Jules Aarons, "F layer irregularities at plasmapause and auroral latitudes" - summarized
te m~i ology of F-layer irregularities in two latitude regions of considerable importance to radio

*propagation - the plasmapause and auroral latitudes.

Paper 2.8. - Dr. S. Talbot, et al., "EHF/SHF ray bending", showed that ray bending was about 0.1X for 10°

ee n angles to about 0.75' for 0' elevation angle under standard atmospheric conditions. This bend-
* ing was nearly independent of frequency in the SHF/EHF range. These results have implication on tracking

and spatial acquisition for satellites at high latitudes.

Session III - Paper 3.2. Dr. S. Quegan, et al., "Ionospheric modelling and HF radio systems at high
latituaes - describes a physically-based numerical model of high latitude ionospheric structure which

is at a fairly advanced state of development. When completed, it should provide better HF system
performance.

Paper 3.3. - Dr. M. Darnell, "Techniques for improving the reliability of mobile HF communications over
hlgh-absorption paths", presented description of a system which uses various forms of diversity processing,
relaying, meteor burst and ionospheric scatter modes and modulation and coding schemes to increase the
reliability of high latitude HF mobile communication.

Session IV - Paer 4.5 - Dr. R. A. Greenwald, et al., "Observations of very high latitude ionospheric

TirregulrtiPr Fes h e Goose Bay HF radar", provided information on the morphology of F-region
irregularities in the latitude range of importance to some OTH radar systems.

Papers 4.6 and 4.7. - Dr. Berkey, et al., and Mr. Rodger, et al., respectively, "Observations of the "

main ionospheric trough from Antarctica", these papers, taken together describe the variability of
the trough, which is a governing factor for HF propagation between midlatitudes and higher latitudes.

Session V - Paper 5.1. - Dr. T. B. Jones, et al., "The influence of ionospheric heating on the
propagation of HF waves", an excellent review of how ionospheric modification can markedly affect e .
HF propagation.

Session VI - Paper 6.1. - Dr. P. Bauer, "EISCAT: A review of recent scientific works", results *.'-

obtained using the FINCAT system in northern Scandinavia, such as - plasma convection and heating *'" J*

in the auroral oval, particle precipitation, etc., are described, The EISCAT radar provides



excellent data describing the ionospheric conditions for NATO northern area HF communications.

Paper 6.4 - Dr. T. B. Jones, et al., "SABRE radar observations in the auroral ionosphere". This VHF
radar system provides a comprehensive picture of E-region structure and dynamics in the ionospheric
region off the central west coast of Norway.

Session VII. - Paper 7.1 - Dr. Jorgen Taagholt, "Danish and U.S. geophysical measurements in Greenland
and surrounding areas related to arctic radio propagation", describes the large array of geophysical
instrumentation in and near Greenland which can quite comprehensively describe the ionosphere from 60"
to 80" geographic latitute in an area of considerable strategic importance for north Atlantic radio **

communication.

Paper 7.2. - Dr. B. J. Watkins, "Progress in modelling the polar ionosphere from solar and magneto-
sphere parameters", as mentioned in the Section I Summary, this paper is complementary to Dr. Akasofu's
paper and extends the prediction and modelling scheme to include the polar ionosphere.

Session VIII - Paper 8.1 - Dr. E. C. Field, et al., "Effects of the ionosphere on ELF signals during
polar cap absorption events: Comparison of theory and experiments" - gives a 2D computer ray-tracing
analysis of conditions in the polar D-region which may have influenced a severe ELF signal loss at a
submarine in the Gulf of Alaska. Could be of use in similar communication scenarios. *

Paper 8.4. - Dr. K. N. Stokke, "World atlas of ground conductivities with particular emphasis on the
hlW-FFatitude region", described methodology and contents of a forthcoming CCIR Atlas on ground con-
ductivities which should be of help in designing systems and communication links at high latitudes.

Session IV - Papers 9.1 and 9.2 - Dr. P. S. Cannon, et al., and by Dr. J. Ostergard et al., -

these complementary papers review meteor burst communication (MB) and describe some recent results
pertaining to design and implementation of the MB mode, which has considerable utility for some P
NATO communications requirements.

C. Summary of Round Table Discussion

A lengthier description of the Round Table Discussion held during the last session of this
symposium by Professor Hunsucker is included in AGARD-CP-382, so only the highlights will be
included in the TER.

Four questions were posed to Symposium participants the day before the Panel Discussion.

1. In the context of the subject of this symposium (Propagation effects on Military Systems
in the High Latitude Region), what is the state of our understanding at this time?

2. What answers has this symposium provided?

3. What directions for future research?

4. What operational needs require this understanding?

The four Round Table Discussion panel members' statements are herewith summarized.

Dr. R. A. Greenwald (U.S.) - Discussed the differing points of view of the ionospheric physicists
(researchers) and the communications and radar system operators and designers ("users") and con-
cluded that people who are users should give a bit more attention to what is going on in the"
research community and see how the results and equipment used by researchers might be supported
and might lead to improved understanding of their problem.

Dr. Piere Bauer (France) - emphasized the need for good hsical characterizations of specific
communication channels and pointed out the importance of usng incoherent scatter radars and other
radio techniques together to help solve the ionospheric research problems. He also stressed the
importance of constructing complete, accessible uniformly formatted data bases.

Dr. G. Rose (W. Germany) - reviewed the capabilities of ionospheric modification (heating) techniques
to learn the physics of the ionosphere, and indicated some practical communication applications.

Dr. E. Thrane (Norway) - described his experience with present versions of ionospheric propagation
prediction schemes an made a plea for improving these prediction programs by utilizing presently
existing ionospheric data bases.

Mr. Alan Rod er (U.K.) - stressed the importance of utilizing simple ionosonde data to supplement
incoherent scatter ata on the ionosphere. He also mentioned the use of coherent backscatter systems
added to the other systems to obtain a data base to include ionospheric models. In closing, he
stressed the importance of validating northern hemisphere ionospheric models in the Antarctic because
the solar and geophysical coordinate system down there is fundamentally different - also he stressed .
the Importance of the midlatitude trough physics for radio propagation studies. V%

After the panel members presentations, a rather lively audience participation ensued. The gist
of most discussions concerned the needs of the users - the common per(eption being that they are
quite often unmet in ionospheric research - and the concerns of the physicists that they needed
adequate support and time to produce physically correct models.

The following closing comments were made by the Chairman of the Round Table Discussion.



In addition to the foregoing discussion, some conference participants submitted written
responses to the four questions posed at the start. The following points were salient in the
written responses:

1. The EPP should continue to study the arctic ionospheric effects on radio systems.

2. The arctic regions have a very strong strategic position in the NATO radio communication
system.

3. HF modes may be one of the last means of communication in a conflict.

4. Future meetings should contain at least one classified session to ensure that specific

needs are being met.

Conclusions

This 36th Symposium of the AGARD Electromagnetic Wave Propagation Panel (EPP) has reinforced the 0dJ

conviction that the high latitude environment has profound effects upon specific military systems such
as 0TH radar, HF 'analog" and digital communication systems, and EHF/SHF satellite navigational systems.
Furthermore, there seems to be a very favorable juxtaposition of advances in ionospheric modeling, radio
research techniques, and to a lesser extent, theoretical studies in the mid 1980's which can ameliorate -
these high latitude effects. To give two examples, recent advances in integrated circuit and receiver
technology suggest that Meteor Burst Communication (MBC) systems offer a viable method of achieving
secure medium-range point-to-point comunicatlon; while advances in equipment and system design now make
operational HF Mobile adaptive networking systems possible.

The table below is an effort to summarize the status of development of elements of the research
Triad of "Theory-Experimental Results - Modeling" as a function of some specific military systems. The 0~. s

letters G = Good, F = Fair, and P =Poor express the TER author's opinion.

In the High Latitude Region
Adequacy of:

Specific Radio System Theory Experimental Results or Data Base Model (Simulation) Comments

* HF Digital Comm., HF In the next 5 years
voice point-to-point quite good models
HF Mobile G G F should be available

OTHRadar F F -G F Data available from
new techniques is
now becoming available

Meteor Burst Comm. (MBC) G P -F ? Holds considerable
promise in near
future

Satellite Navigation

Satellite Surveillance F - G F- G F New data are be-'V
(SAR) coming available

Satellite Comm. J
MF Broadcasting G P P New data are be-

coming available

ELF Comm. F -G F F - G Improved models are '

becoming available *

Ionospheric Modification F - G F - G F Considerable
information is now
available

The need for "interpreters" to communicate the results of theory, experiment and modeling to the .,.,.,~

"user community" became apparent during this symposium. "Users" need to be cognizant of recent research
findings in order to ask the correct questions, and researchers need to be aware of specific user needs in ,,

order to 'fine tune" some of their research efforts. Vehicles such as the AGARD/EPP Symposia are necessary,
but not sufficient in themselves. Individuals must also take positive steps to improve communication
between these groups.

Recommendations

1. Continue the AGARD/EPP Symposia and Lecture series.
2. Attempt to identify good "interpreters" between the communities.
3. Increase the awareness of the radio research community of the AGARD/EPP meetings and encourage

more scientists to participate.
4. NATO/AGARD should further encourage visits and exchanges between radio researchers and users-

even possibly visits to selected communication facilities.
5. Perhaps there should be wider dissemination of AGARD Conference Proceedings and other reports. .:



APPENDIX A

PROPAGATION EFFECTS ON MILITARY SYSTEMS IN THE HIGH LATITUDE REGION

PROGRAMME

Monday, 3 June 1985

Session I - Overview

Chairman: Dr. H. Soicher (US)

0930 1.1. Solar Terrestrial Relationships in the High Latitude Region (Invited Review)
S.-I. Akasofu, University of Alaska, Fairbanks, Alaska, US

1015 1.2. Media Effects on Systems in the High Latitude Region (Invited Review)
E. Thrane, NDRE, Kjeller, NO

1025 Break

Session II - Transionospheric Propagation and Considerations

Chairman: Dr. J. Aarons (US)

1100 2.1. Recent Hilat Results (Invited Review) %
E. Fremouw, Physical Dynamics, Inc., Bellevue, WA, US

1130 2.2. Total Electron Content and L-Band Amplitude and Phase Scintillation Measurements of the
Polar Cap Ionosphere

J. A. Klobuchar, G. J. Bishop, AFGL Hanscom AFB, MA and D. H. Doherty, Emmanuel College,
Boston, MA, US

1200 2.3. Variability of Transionospheric Signal Time Delay at High Latitudes Near Solar Minimum
H. Soicher, U. S. Army CECOM, Fort Monmouth, NJ, US -,,

1230 Lunch

1400 2.4. F-Layer Irregularities at Plasmapause and Auroral Latitudes
J. Aarons, Boston University, Boston, MA, US

1430 2.5. Influence of Polar Irregularity Shape and Velocity on the Design of Airborne Satellite
Communications Systems

A. L. Johnson, USAF Avionics Lab, Wright Patterson AFB, OH, US

1500 2.6. Propagation Effects on Satellite-Borne Synthetic Aperture Radars
C. L. Rino and J. Owen, SRI International, Menlo Park, CA, US

1530 Break

1600 2.7. High-Latitude Scintillations using NNSS Satellites
L. Kersley, University College of Wales, Aberystwyth, UK

1630 2.8. EHF/SHF Ray Bending
S. Talbot, RADC Griffiss AFB, New York, D. Providakes, D. Zimmerman and D. Post, MITRE

Corporation, Bedford, MA, US

1700 2.9. E.H.F. Propagation Measurements along Satellite-Earth Paths in the Canadian High Arctic
I. Lam and J. I. Strickland, CRC, Ottawa, CA

Tuesday, 4 June 1985

Session III - Propagation Aspects of HF Communications

Chairman: Dr. P. Cannon (UK)

0930 3.2. Ionospheric Modelling and HF Radio Systems at High Latitudes
S. Quegan, J. D. Milsom, and R. N. Herring, GEC Research Labs, Marconi Research Centre,

Chelmsford, UK .'

1000 Break

1030 3.3. High Latitudes Spatially Adaptive Propagation Experiment
R. J. Cormier, E. Tichovolsky, RADC, Hanscom AFB, MA and R. Greenwald, Johns Hopkins

University, Laurel, MA, US

1100 3.5. Techniques for Improving the Reliability of Mobile IF

M. Darnell, University of York, UK

1200 Lunch



1330 3.6. Propagation Characteristics of Medium Frequency Skywave Signals from the Continental US
and Canada Received at Fairbanks, Alaska

R. D. Hunsucker, B. S. Delana, University of Alaska, Fairbanks, AK and J. C. H. Wang,
FCC, Washington, D.C. US

1400 3.7. Optimization of HF Digital Radio Systems at High Latitudes
C. Goutelard and J. Caratori, University of Paris-Sud, FR

1430 3.8. Observations with an Ionosonde in Northern Germany near the Mid-Latitude Trough
T. Damboldt, Forschunginsstitut der DBP, Darmstadt, FRG

1500 Break

Session IV - High Latitude HF Probing

Chairman: Prof. C. Goutelard (FR)

1530 4.1. Ionospheric Factors Affecting the Performance of HF Sky-Wave Sea-State-Radars at
High Latitudes (Invited Review)

P. A. Bradley and A. J. Gibson, Rutherford Appleton Lab, Chilton, UK

1600 4.2. Spectral Characteristics of High Frequency Waves Backscattered by Small Scale F region
Irregularities: Evidence of Strong Sub-Auroral Ion Flow

A. Bourdillon, Laboratoire Exosphere, Paris, FR

1630 4.3. Small-Scale Irregularities in the High-Latitude F-Region
C. Hanuise, J. P. Villain, LSEET/CNRS, Toulon, C. Beghin, LPCE/CNRS, Orleans, and

G. Caudal, CNET-CRPE, St. Maur les Fosses, FR

1700 4.4. On the Relationship of F Region Structure in the Dayside Auroral Oval to HF Backscatter
Signatures Attributed to the Polar Cusp

J. D. Kelly, R. T. Tsunoda, SRI International, Menlo Park, CA, US, J. K. Oleson and
P. Stauning, Danish Meteorological Institute, Copenhagen, DE

Wednesday, 5 June 1985
Session IV - Continued .

0830 4.5. Observations of Very High Latitude Ionospheric Irregularities with the Goose Bay HF
radar

R. A. Greenwald and K. B. Baker, APL/Johns Hopkins University, Laurel, MD, US

0900 4.6. Observations of the Mid-Latitude Ionospheric Trough from Antarctica .1
F. T. Berkey, Utah State University, Logan, UT, US and M. Jarvis, British Antarctic

Survey, Cambridge, UK

0930 4.7. The Variability and Predictability of the Main F-Region Trough Determined Using Digital
Ionospheric Sounder Data

A. S. Rodger, J. R. Dudeney, British Arctic Survey, Cambridge, UK

1000 Break

Session V - Ionospheric Modification

Chairman: Dr. G. Rose (FRG)

1400 5.1. EISCAT: A Review of Recent Scientific Works (Invited Review)
P. Bauer, CNET-RPE, Issy-les-Moulineaux, FR

1445 5.2. Irregular Structures in the High Latitude F-Region Observed Using EISCAT Incoherent Scatter
Radar

J. K. Hargreaves, C. J. Burns and S. C. Kirkwood, University of Lancaster, Lancaster, UK

1515 Break

1545 6.3. Observations of the Auroral Ionosphere Using EISCAT
W. Kofman and C. Lathuillere, CEPHAG, Domaine Universitaire, Grenoble, FR

1630 6.4. Sabre Radar Observations in the Auroral Ionosphere
T. B. Jones, J. A. Waldock, E. C. Thomas, C. P. Stewart and T. R. Robinson, University

of Leicester, UK

Thursday, 6 June 1985

Session VII - Measurement Techniques/Models/Morphology and Physics

Chairman: Prof. E. THRANE (NO)

0830 7.1. Danish and US Geophysical Measurements in Greenland and Surrounding Areas Related to
Arctic Radio Propagation

J. Taagholt, Danish Scientific Liaison Officer for Greenland, Copenhagen, DE'.,". .-p



0900 7.2. Progress in Modelling the Polar Ionosphere from Solar and Magnetosphere Parameters
B. Jg. Watkins, S.-I. Akasofu and C. D. Fry, University of Alaska, Fairbanks, Alaska, UK

0930 7.3. Statistics of Auroral Radio Absorption in Relation to Prediction Models
J. K. Hargreaves, M. T. Feeney and C. J. Burns, University of Lancaster, Lancaster, UK

1000 Break

1100 7.5. Formation and Detection of High Latitude Ionospheric Irregularities
M. C. Lee, MIT, Cambridge, MA, J. A. Klobuchar and H. C. Carlson, AFGL, Hancom AFB, MA, US

1130 7.7. Direct In-Situ Measurements of Turbulent Zones in the Mesosphere (85-50 km) at 69 N (Andenes,
Norway)

H. W. Widdell, Max Planck Institut, Lindau, FRG

1200 Lunch

Session VIII - Low Frequency Propagation

Chairman: Mr. J. Taagholt (DE)

1330 8.3. Comparison of D-Region Conductivity Profiles of the Disturbed Polar Ionosphere Calculated
from Incident Particle Flux Data and by Inversion of VLF Sounding Data

E. C. Field and C. R. Warber, Pacific Sierra Research Corp., Los Angeles, CA, P. A. Kossey ,*.

and J3. E. Rasmussen, RADC, Hanscom AFB, MA, US ,.~

1430 Break

1500 8.4. World Atlas of Ground Conductivities with Particular Emphasis on the High Latitude Region
K. N. Stokke, Norwegian Telecommunications Administration, Oslo, NO
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Chairman: L)Jr. H.J. BLYTHE (UK) '.

0900 9.1. Meteor Scatter Radio Communications at High Latitudes
P. S. Cannon, A. H. Dickson and M. H. Armstrong, Royal Aircraft Establishment, Farnorough, UK

0930 9.2. Characteristics of High Latitude Meteor Burst Propagation Parameters Over the 40-150 MHz Band
J.. Ostergaard, Elektronik Centralen, Copenhagen, DE, J. E. Rasmussen, P. A. Kossey, M. J. Sowa,

J. M. Quinn, RADC, Hanscom AFB, MA, US

1015 Break

1045 Round Table Discussion

Chairman: Prof. R. D. Hunsucker (US) . w,,*

1215 Closing Ceremonies
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WELCOMING ADDRESS

Juan G. Roederer
Vice Chairman, U.S. Arctic Research Commission

and
Director, Geophysical Institute 4
University of Alaska-Fairbanks
Fairbanks, Alaska 99775-0800

It is both a pleasure and an honor to welcome you as the Vice Chairman of the newly
established United States Arctic Research Commission, and as the director of the
Geophysical Institute of the University of Alaska, Fairbanks.

Your meeting deals with a research subject that will be given high priority by the
Arctic Research Commission, and which in its applied aspects, is already receiving high
priority in the framework of the general Arctic Policy that is being forged by President
Reagan.

Until a few years ago, the U.S. had no coherent arctic research policy. General
* arctic policy guidelines had been issued by the National Security Council, but were only

occasionally referred to by the Departments of State and Defense -- and more or less
ignored by other federal agencies. Several attempts to establish a research policy for
the Arctic were made duri ng the seventies, but none ever reached the stage of
i mplementati on . By and l arge , the responsibility for pl anni ng, implementing, and e-a funding arctic research remained divided between several federal agencies, the State of
Alaska, and private groups whose mandates or objectives were often unconnected.

The result of this pluralistic approach to U.S. science in the Arctic was that
research was being conducted in piece-meal fashion; individual studies were proposed and

-supported separately, and their costl y l ogi sti c requi rements were bei ng funded in
competition with research carried out under lesser demanding environmental conditions in
the rest of the country. Fundamental data-gathering and interpretation of information 0
were the responsibility of public agencies whose missions and budgets did not reflect
the priorities of arctic issues. All this, in spite of the fact that the resource
development in the United States arctic and subarctic regions and adjacent waters and
the deployment of defense systems at high latitude in North America and in the Arctic%
Ocean had become a vital part of our nation's economy, trade, and security.

Fortunately, the situation has begun to change. A change that should be welcomed
not ony by the United States scientific community with interests in the Arctic, but also
by the residents of the Arctic, by the private sector operating in the Arctic, by our
NATO partners and even also by our neighbor across the Bering Strait, because a better
knowledge of the Arctic will be an increased insurance for peace.

Several important developments concerning arctic research policy took place in
recent years, involving the National Academy of Sciences, some federal agencies and %:
Alaska Senator Frank Murkowski who in 1982 introduced a bill in Congress that was passed
in final form as the Arctic Research and Policy Act of 1984, signed i nto law by
President Reagan in July of that year.

Prior to this, the President had issued a National Security Decision Directive
reaffirming earlier statements on general arctic policy, and declaring that this policy
will be based on (I ) the protection of essential U.S. security interests in the Arctic;
(i i) the support of a sound and rational development in the arctic region; (i i i) the
promotion of scientific research on the Arctic or which can best be done in the Arctic; ..

and (iv) the promotion of international cooperation in the Arctic.SThe Arctic Research and Policy Act o f 1984 establishes a n Arctic Research
Commission and an Interagency Arctic Research Policy Committee. It designates the
National Sci ence Foundation as the lead agency responsible for implementing a r c t ic
research policy. I t mandates the formulation of a comprehensive five-year Arctic
Research Plan and it requires the preparation of a single, integrated multiagency budget
request for arctic esearch.

Our Commission was appointed by the President in February, 1985. It is advisory in
nature, but its mandate, if carried out responsibly, may well lead to a departure from
the currently fragmented, in part neglected, in part duplicated, research on arctic

assist the Interagency Committee in implementing the policy and in developing a 5-year
research plan, to be updated biennially, and facilitate the cooperation in research
between federal, state, and local agencies, the private sector, and the residents of the
Arctic. I n addition, federal agencies are directed t o consult with the Commission
before undertaking major federal actions relating to arctic research, and the CommissionU must report to Congress on the adherence of the President's annual budget request to the
5-year Arctic Research Plan.

The Polar Research Board of the National Academy of Sciences is helping both the
Interagency Committee and the Presidential Commission to i dent ify research needs and
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define priorities therefor. The Commission will consider the Academy's recommendations
exclusively on the basis of their scientific and technological merit, in independence of
individual agencies' views and in independence of cost factors -- without, of course,
losing sight of the constraints given by the chronic financial austerity that is here to w.
stay. - -

In the fields of research of your meeting's particular interest, some important
recommendations and related priorities are being considered.

Concerning defense-related issues, the following research areas are being ,
* identified as needing special emphasis:

1. To improve the reliability of prediction of auroral, ionospheric and magnetic
disturbances in the Arctic regions.

2. To study the mechanisms responsible for the formation of ionospheric
inhomogeneities and their effects on electromagnetic wave propagation.

3. To obtain a long-term data base and to maintain a real-time information flow on ,-.

the natural electromagnetic and particle radiation background using ground-based, rocket .
and satellite techniques.

Concerning basic research issues, the following problems are being identified for
special attention: ., .. "

1. The study of polar cap phenomena and their relations to magnetospheric tail and
boundary processes. "'•.-

2. The study of solar variability-controlled effects on the neutral atmosphere at ,,-.

high latitude.

3. The study of processes responsible for magnetosphere-ionosphere coupling.

This gives you a glimpse into the immense task that lies before us, for we must ..-.

focus with equal attention on and give equal time to other scientific areas, as diverse
as the social sciences, glaciology, economics, human biology, native culture, arctic
engineering and medicine.

Wish us luck -- as I do wish you luck and success in the conference that is to
begi n.

- ...

Or,
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SUMMARY OF SESSION I ".',d-
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Overview .r 5,'

by
Dr H.Soicher

Session Chairman

This introductory session consisted of two invited reviews. The first dealt with the role of the solar wind and the
interplanetary magnetic field (IMF) in controlling high latitude upper atmospheric phenomena, while the second dealt with
%ystem radio propagation characteristics in the high latitude transmission media.

Akasofu first discusses how the magnetosphere responds to the three components of the interplanetary magnetic field
(IMF) and to the power of the solar wind - magnetosphere dynamo. Through the understanding gained by such analysis it is % .
possible to predict the geometry of the auroral oval and the intensity geomagnetic storm as a function of time, if the time
variations of the solar wind speed and the IMF three components could be predicted. He demonstrates a prediction scheme
by a computer model study.

Thrane reviews the transmission media effects across the radio frequency (RF) spectrum at high latitudes. General and
unique high latitude propagation effects on signal attenuation, refraction/reflection, scatter, polarization changes. diffraction,
multipath and ducting are discussed. He concludes that modern technology opens possibilities for communication and
remote sensing systems that can adapt to a complex and rapidly changing media, such as the high latitude propagation media,
but accurate modelling of the transmission media is necessary for optimal system design.

N4.V



SOLAR-TERRESTRIAL RELATIONSHIPS IN THE HIGH LATITUDE REGION

S.-I. Akasofu

Geophysical Institute, University of Alaska, Fairbanks, Alaska 99701

1. SUMMARY %%:"2

In the first part of the paper, we show how the magnetosphere responds to the three
components (B, BI Bz) of the interplanetary magnetic field (IMF) and to the power C of
the solar wind-m gnetosphere dynamo. In particular, it is shown that the geometry of
the auroral oval and the polar cap depends greatly on the magnitude and signs of the IMF
three components. Geomagnetic storms result when the dynamo power E exceeds -106
Mwatts. Once such knowledge is available, it is possible to predict the geometry of the
auroral oval and the intensity of a geomagnetic storm as a function of time, if one can
predict time variations of the solar wind speed and the IMF three components. We
demonstrate such a possibility by a computer model study, namely by the first generation . "."
numerical forecasting scheme.

2. INTRODUCTION -

Geomagnetic storms and auroral activity are caused by a large-scale electrical
discharge process surrounding the earth and are known to be one of the most serious
hazards to radio communications, navigation and radar systems. The magnetic fields
produced by the fluctuating discharge currents can be identified as the geomagnetic -
storm fields. The aurora is an optical manifestion of the discharge process which is
caused by collisions of current-carrying electrons with the polar upper atmospheric
atoms and molecules.

During the last several years, we have made major progress in understanding the
function of the dynamo which supplies the power for this auroral discharge and the role
of the solar wind and the interplanetary magnetic field (IMF) in controlling the dynamo
power and high latitude upper atmospheric phenomena, in particular, the three components
(Bx, B , B,) of the IMF. Responses of the magnetosphere to the IMF changes may be
cla.suf'iel as:

(a) Bz < 0
(b) Bz > 0. By , Bx 0
(c) Bz > 0, By 0 0
(d) Iz > 0, Bx 0

The reasons for this classification are as follows:

(a) When the IMF T3. component becomes negative, the power of the dynamo is large
and magnetospheric substorms result. As a result, effects of the IMF Bz < 0
are too dominant to see effects of the other components.

(b) When the IMF Bz component has a large positive value (but By 0, Bx - 0),
the magnetosphere seems to have a unique response to it.

(c) and (1)
When the IMF Bz component is positive, effects of the B and Bx components
can be much more clearly seen than during a period of Bz  0.

It should also be mentioned that the dynamo power c of the solar wind-magnetosphere
lynano is liven by

VB 2  Sin 
4  (,/2) 2 (1)

Where
V = the solar wind speedl

= the magnitude of the I•F
the polir angle -f the IMF

= constant (- 7 RL)

In the first part )f this paper, we exvtinne ir' S-,e let i I responses of the
" apnetosphere for the coniitions (a), (1) ), ) oni (ad). III thu seconrl part of this
paper, we stuly how solar activities caus,, -h,injes )f the three T~iF conponents and the
solar win]-magnetosphere lynamo power . is hope thit such I study will eventually
le;d us to nuimerical forecasting of ma:netosnhe ic listirl)aties.

2. RESPON4SES OtF r!I: MAG'7:1p1'i:tp rn IM" "

It is instructive to examine effects if the three c,,:ip)nents of the VIF -ectors on
the bisis of a simple molelinq metho,]. We ,olstruct first a molel of the magnetosphere
without the presence of the IMF, using the stan lard procelre, namely by having an image
dipole an' the tail current system. The IM is superioposeI by - linear superposition -
like a situation in vacuum. We test the , II iti tive vII i lity :)f this method byF. determining the geometry ,)f the open fiel i I in, -iio f-r set -F the observed values

" of the IMF three components, XI, T1 ani , It] th-n -iiiparing the geo,;etry if the open
y
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field line region thus determined with the geometry of the observed oval about one hour
after the IMF observation. An example of such tests is shown in Figure 1 (Murphree et
al., 1984). In the figure, a dot indicates the foot of a closed field line. That is to
say, a field line originating at the location of a dot reaches the conjugate point in .. ,•
the southern hemisphere after crossing the equatorial plane, while a circled dot '.~'. A.
indicates the foot of an open field line. The field line originating at the location of
a circled dot is connected to the IMF field line across the magnetopause. One can see
that the open field line region is fairly accurately bounded by the poleward boundary of
the observed oval. It is quite obvious that the above test can provide only a . , .
qualitative validity of our modeling and the fair agreement of the boundary of the open
field line region and the poleward boundary of the oval may be somewhat fortuitous,
particularly because we are using a simple (vacuum) superposition method. Nevertheless,
such a modeling method may provide some guidance in interpreting complicated upper
atmospheric phenomena in the highest latitude region, particularly when the IMF Bz is
positive. We shall see in the following that this is indeed the case.

For the purpose of our study, we assume an IMF vector of magnitude of 5nT. Then,
we examine changes of the geometry of the open field line region for two situations:
(i) the IMF vector lies and rotates in the y-z plane and (ii) the IMF vector lies and . %.

rotates in the x-z plane.

(i) Rotation in the y-z plane "'%-,

The lower right diagram in Figure 2 shows the geometry of the open field line
region when the IMF vector is directed southward (Bx = 0, B = 0, Bx = -5nT); for',.
details see Akasofu and Covey (1980) and Akasofu and Roedere (1984). The boundary
of the open field line region thus obtained is similar to the poleward boundary of
the auroral oval which is a little larger than the average one. Effects of the 41
rotation of the IMF vector can clearly be seen by examining successively the lower
middle, lower left, upper right, upper middle and upper left diagrams. One of the
interesting features revealed by such a study is that the geometry of the open
field line region changes only a little with the rotation of the vector so long as
the 37 component is negative. In fact, those changes are, perhaps, difficult to
identify by observations. The asymmetry of the open field line region with respect
to the noon-midnight meridian becomes obvious only when the Bz component becomes
zero or positive. For IMF Bx = 0, B = 2.5nT, Bz = +4.3nT (the latitude angle =-
60 ° ), the main part of the open field line region is confined in the morning
sector. Since the IMF Bz component cannot cause the asymmetry with respect to the
noon-midnight meridian, the asymmetry must be caused by the IMF By component. It - 7 -

should be noted that the simultaneous open field line region in the southern PAW
hemisphere is the mirror image of the northern one, so that it is mainly confined
in the evening sector for the same IMF three component values. It should also be
noted that when the B component is negative (Bx = O, By -2.5nT, Bz +4.3nT), :-.--.'.*-

the whole situation Ys reversed; the open field line region in the northern
hemisphere is mainly confined in the evening sector, while the southern one is
confined in the morning sector. -'-.'•.'

(ii) Rotation in the x-z Plane

Here, we rotate the IMF vector (of magnitude 5nT) by 360' in the x-z plane.
In the upper left diagram of Figure 3a, the IMF is pointed northward (B = 0, B =

0 z = +5nT). Then, as the vector is rotated toward the sun (Bx > u; the open
field line region has a circular shape and becomes larger; the lower left diagram
shows the situation, when the vector is pointing directly toward the sun. Then, as - * ,
the vector is rotated further and thus has the southward component (IMF Bz < 0),
the open field line region is very much like the area bounded by the averge auroral
oval. As the vector is further rotated, it points away from the sun (Bx < 0) and
has the southward component (the two lower diagrams in Figure 3b). The open field
line region is still similar to the area bounded by the average oval. The upper
right diagram shows the situation when the vector points directly away from the
sun. As the vector is further rotated and the B3 component becomes positive (the
upper left and middle diagrams), the open field line region has a crescent shape.

Therefore, once again, when the IMF 8 z component has a negative value, the open
field line region has the geometry which is close to that bounded by the average oval.
However, the open field line region has a considerably different geometry, when the IMF
Bz component has a positive value. Note also when the IMF has (BX = -2.5nT, y= 0, B.

+4.33nT), the northern open field line region has a crescent shape, while thegeometry ""r
of the simultaneous southern region is the same as that for (Bx = 2.5nT, By = 0, Bz
+4.33nT. -

One of the best ways to test the validity of our simple model is to study solar
electron events which also have practical importance in protecting astronauts in polar
orbiting shuttles. As mentioned earlier, solar energetic electrons are, in general,
perhaps the best tracer of magnetic field lines. McDiarmnid et al. (1980) examined the
area of entry of solar energetic electrons for various IMF urieiiLations. Figure 3c
shows schematically the entry area for (a) IMF Bx = -20nT, B = -5nT, Bz = +30nT, and
(b) IMF Bx = 4.3 nT, B = -0.7nT, Bz = +9.2nT. One can sel qualitative similarities
between the upper left 4pen field line region in Figure 3b and Figure 3c and between the
upper left one in Figure 2 (by reversing the sign of the B component) and Figure 3c.
In fact, such a close agreement with a very crue modeling mathod is remarkable (Akasofu
et al., 1981).

. %\v.'.'''



One of the problems in determining the open field line region by the entry of solar
energetic electrons is that their flux is high enough to be used only after a major '

solar flare, so that this method will not be available at all times. Nevertheless, it
is important to extend the work made by McDiarmid et al. (1980) in studying the geometry .I
of the open field line region for various IMF orientations. As we shall see later,
other methods have great uncertainties.

3. THE IMF AND THE AURORAL AND PRECIPITATING ELECTRON DISTRIBUTION I

Effects of the IMF B. component on the distribution of the aurora were most
systematically studied by Lassen and Danielsen (1978). Their figure is reproduced here
in Figure 4. One can see clearly that when the IMIF B component has a large negative
value (-6.9nT), Mi the auroral oval, is large and (iif there is no auroral arc inside
the area bounded by the enlarged oval, auroral substorms are invarably in progress in
such a situation. As the other extreme situation of a large positive Bz value (+7.OnT),
there is no clear indication of auroral arcs along an oval-shaped belt. Instead, the

highet lattude egionis coeredby arcs which align approximately along the sun-atline (or the noon-midnight meridian). For other values of the Bz component, the auroral
distribution varies systematically between the above two extreme situations.

Effects of the IMF B component during the period of positive values of the B2
component were also exami~ed by Lassen (1979), but are not necessarily very clearly
brought out in his study. However, he suggested that for By> 0, there is an area of
auroral absence in the morning sector, while for By < 0 it is located in the evening
sector.

It is instructive to examine the above IMIF effects in 'snap shots'. In Figure 5a *

and 5b, we see a series of the nightside half of the auroral oval, obtained by the DMSP
F-6 satellite, on January 10 and 11, 1983. In the first photograph (1359 UT), the
auroral oval was very large, and the auroral activity was high and typical; mote that
the bottom center is approximately the midnight sector, the upper left and upper right
corners are approximately the 18 and 06 MLT meridians, respectively. In the second
photograph (1537 UT), the oval became smaller and the aurora became less active.
However, the major auroral activity is confined in the morning half of the oval, instead
of the midnight sector. In the third and fourth photographs, the oval became even
smaller (partly due to the geographic effects). Further, the width of the auroral oval
in the morning sector became considerably larger than that in the evening sector, making -

the area bounded by the oval very asymmetric with respect to the noon-midnight meridian;
and the center of the area of auroral absence was located in the evening sector. The%
situation was similar at 1857 UT. The first photograph on January 11 (0653 UT) shows
that a major change occurred after the last photograph (1857 UT) had been taken. The
auroral oval was absent (or became too faint to be registered) . On the other hand, a
number of auroral arcs occupied approximately the area boumded by the average oval. In
the following photograph (1520 UT), those arcs disappeared, and instead there appeared
two bright arcs. Further at 1152 UT, there was a faint glow covering an area which
resembles the area bounded by the auroral oval; there were several faint arcs as well.

At about 03-06 UT on January 10, the B. component was negative and had a large
magnitude. The B y component became less as time progressed and became positive at -14
UT. However, the B component was equally large and negative. The magnitude of the B2
component became leis as time progressed and became positive at "14 UT. However, the By
component remained negative. It changed the sign at '06 UT' and had a small magnitude.
Therefore, the By (<0) effect became apparent only after the IMIF Bz component became 4
positive, and the center of the area of auroral absence was located in the evening
sector. Thus, this series of observations are qualitatively consistent with the results
of the statistical studies by Lassen and Danielson (1978) and Lassen (1979). Assuming
that the area of auroral absence coincides with the open field line region, the result
is consistent with our model study as far as the asymmetry caused by the B component.

After 04 UT on January 11, the B. component was the dominant co~iponent. The
appearance of a large number of arcs aligned parallel to the noon-midnight meridian and
of the oval-shaped faint glow are one of the most interesting features associated with
this large magnitude of the positive B . component. It has long been known that auroral
arcs occur in the highest latitude region during the quiet period and that they tend to
align parallel to the noon-midnight meridian. Their general characteristics are very
similar to those of arcs which appear along the oval, except for the sun-aligned
orientation. Therefore, the formation mechanisms for these arcs and oval arcs must be
at least very similar and perhaps identical. These arcs have traditionally been called

41 the 'polar cap arcs' and have received much attention during the last two years as
.4% spectacular auroral images taken from the Dynamic E~xplorer have become available (Frank

et al., 1982).

4.1 Auroral Eflectron Precipitation

As a polar orbiting satellite traverses across the polar region along a dawn-dusk
e.orbit, it crosses t'ne auroral oval twice, once in the evening sector and the other in '

the morning sector. For example, as the satellite advances into higher latitudes from ..

the lusk side, it will see the so-called 'hard precipitation region' and then the 'soft
precipitation region' a little higher on the high-latitude side. Then, after crossing
the highest latitude region, the satellite crosses first the 'soft precipitation region'
and then 'hard precipitation region' in the lower latitude side. For the IMF B2 1 0,
both precipitation regions are located approximately where the oval is located, namely
between -65* and -75*. However, as the magnitude of the B. 0 component increases for
several hours, there occurs a spectacular change. Figure 6 is such an example (Meng,
1981). The soft precipitation region expands poleward and tends to fill almost ...
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completely the area bounded by the pre-existing soft precipitation region (Meng, 1981;
Makita and Meng, 1984; Hardy, 1984). In the lower part of Figure 6, both precipitation
zones are marked along the satellite orbit. In this particular example, one can see
that the soft precipitation region is present everywhere, except for a small area above
invariant latitude -85*. In Figure 3a, we found that such a situation could occur for
B , 0 and B > 0. On the other hand, as soon as the IMF B component becomes negative,
tAe width the soft precipitation region becomes drastically reduced. The corres-
ponding changes of the hard precipitation region is relatively very small. Figure 7
shows an example of this change. One can see that the poleward boundary of the soft
precipitation zone shifted from 83.6* to 80.8* in the morning sector, while it shifted
from 80.3* to 71* in the evening sector.

Makita et al. (1985) examined also overall changes of the precipitation regions for
a number of substorms. Figure 8 shows changes of the distribution of the precipitation
regions during a substorm which was associated with a southward turning of the IMF
vector, resulting in an increase of the dynamo power c. One can see that as the IMF Bz
component turned southward at the libration point (-250 RE upstream of the solar wind),
the distance between the poleward boundaries of the dawn and dusk soft precipitation
regions began to expand equatorward about one hour later, namely when the IMF Bz'signal' arrived at the magnetosphere. An important point to make here is that the
expansion had begun well before the AE index began to increase and that the expansion

reached the maximum at about the time when the AE index reached the maximum value.
Makita et al. (1984) showed that similar changes occur along the noon-midnight meridian
as well.

Assuming that the dawn-dusk dimension of the region of no precipitation gives a
reasonable measure of the 'diameter' of the open field line region, one can infer that
the amount of the open magnetic flux increases and decreases in harmony with the AE
index. That is to say, the amount of the open magnetic flux is not reduced to a minimum
value at the peak of a substorm, indicating that substorms are not caused by a sudden
conversion of magnetic energy stored prior to substorm onset.

4. DEVELOPMENT OF A GEOMAGNETIC STORM FORECASTING SCHEME

As we have seen in the previous two sections, our understanding of the responses of
the magnetosphere to the IMF and solar wind changes has significantly been increased .p
during the last several years. Some of these magnetospheric responses are defined as %
magnetospheric disturbance features, such as magnetospheric (auroral, geomagnetic, .'
ionospheric, etc.) substorms and storms. Thus, it has become possible to predict or
forecast quantitatively magnetospheric substorms and storms as a fun-tion of time, if
the IMF ax t), 5 (t), Bz(t) and V(t can be predicted. It is oppc ie to initiate a
study of a numeribal forecasting scheme, departing from the tradition impirical one.

The success of this forecasting will depend on the progress of t% iajor projects.

(A) Prediction of the power e (t), Bx(t), By(t), Bz(t) and V(t) as function of time
with a 6 - 12-hour lead time after major solar activities, such as solar flares,
sudden disappearance of filaments and coronal mass ejections.

(B) Prediction of the following key magnetospheric quantities as a function of the
power £(t) or of the interplanetary magnetic field B(Bx, By, B).

i) The cross-polar cap potential * ce(t)
(ii) The geometry and size of the polar cap

(iii) The geomagnetic indices AE(t) and Dst(t)

Figure 9 shows our forecasting scheme in a form of block diagram which can be
divided into two parts, A and B. In this section, we describe the present numerical
forecasting scheme by following Figure 9 and present a progress report in this endeav-
or. A tentative criteria for most systems which utilize the polar ionosphere are:

c - 105 7watt - Normal operation

E 5xl09 Mwatt - Require alert
E- 106owatt - Prepare for system failure
C 5xl0Mwatt - System failure

4.1 Prediction of Power E(t) 0*.

The first step of the prediction of geomagnetic storms and thus of the power L(t)
is reduced to the prediction of solar wind quantities V(t), B(t) and e(t) in equation 5%

(1). This section is based on the method developed by Hakamada and Akasofu (1982) and *5%55 ,
Akasofu et al. (1983). Note that their method is to provide only a first order con- -'

struction, temporarily and spatially, of flare-generated shocks and their multiple
interactions with each other, as well as with the so-called 'interplanetary corotating
interaction regions'. Their method does not simulate the other dynamic, thermodynamic .

properties that can be found only from the MHD solutions. There have already been a -- \
number of simulation studies of solar wind disturbances which are based on numerical
solutions of the MHD equations (Dryer, 1974; Wu et al., 1977; Wu, 1980; Dryer et al.,
1983; Wu et al., 1983; Dryer, 1984; Han et al., 1984; Gislason et al., 1984). However, - ,
a full three-dimensional MHD simulation (which is required for our purpose) has not been ._'

developed yet. Thus, instead of waiting for the completion of a full three-dimensional A
MHD simulation, we attempt to obtain V(t), B(t) and 0(t) by the method developed by
Hakamada and Akasofu (1982).

.5'..
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4.2 The Quiet Time Solar Wind

We have to determine, first of all, the quiet time pattern of the solar wind into
which disturbances can be introduced by solar activity. This requires the determination
of:

(A) The solar magnetic equator

number of observations are available to infer the magnetic equator; they are Ha
filtergrams, the Kitt Peak magnetograms, the Stanford magnetograms, coronal
observations at the Sacramento Peak Observatory, the Kitt Peak He(10830A) obser-
vations. During the declining phase of the sunspot cycle, the magnetic equator
can often be approximated by a curve xsin(X+X ) in the heliographic coordinate
systems, where X denotes the angle between the 'dipole axis' and the rotation axis
of the sun and X denotes heliographic longitude. This situation is thus
equivalent to assume that the solar "dipole axis" is inclined by X with respect to
the rotation axis. In the example presented in this paper, the inclination angle
X is taken to be 20*.

(B) Latitudinal Gradient of the Solar Wind Speed

A number of studies have been made to determine the distribution of the solar wind
speed V as a function of magnetic latitude using spacecraft and interplanetary
scintillation data. These studies have enabled us to infer the latitudinal
gradient on the so-called 'source surface', of a sphere of radius 2.5 solar
radii. A tentative distribution of the latitudinal distribution is given at the
top panel of Figure 10. Note that the speed is minimum along the magnetic equator
(corresponding to the curve of V = 300 km/sec) and increases towards higher %@".

latitudes in both the northern and southern hemispheres. As the sun rotates, the
earth scans the solar wind within the heliographic latitude belt of *7 ° (depending
on the seasons), for example, in Figure 10, the earth encounters the solar wind
from the northern (magnetic) hemisphere during the first two weeks (-one-half of
the solar rotation period) and then from the southern (magnetic) hemisphere during
the rest of the solar rotation period. The northern wind peaks at the end of the .i

first week and the southern wind peaks at the end of the third week. Therefore, '..

in this situation, the sun has two high speed streams which are separated by 1800
in longitude. The determination of the solar magnetic equator (A) and the
latitudinal gradient of the solar wind speed (B) can be 'calibrated' on the basis
of the 27-day variations of V and B which can be observed by satellites.

(C) Stream-Stream Interaction

Since the two high speed streams interact with the slower streams ahead of them,
we determine the stream-stream interaction by the method developed by Hakamada and
Akasofu (1982), from which the distance (R) traveled by solar wind particles can
be determined as a function of time t. A number of one- and two-dimensional MHD
studies on this subject have already been conducted (cf. Dryer and Steinolfson,
1976), so that we can calibrate the method employed here by the MHD solutions. It '" '

is in this way that we now have a tentative R-t relationship (Hakamada and
Akasofu, 1982).

Figure 11 shows the resulting solar wind magnetic field lines in the ecliptic
plane for the solar wind distribution given in the top panel of Figure 10 (except
for the superimposed flare-generated disturbances near the sun which will be
discussed shortly). Note the familiar spiral pattern of the field lines. Since
the sun has two high speed streams in this particular situation, two 'spiral arms'
develop as a result of the stream-stream interaction at distances greater than 1.5
au. The spiral arms are often referred to as the 'corotating interaction region N
(CIR).' During a certain phase of the sunspot cycle, the sun develops four high
speed streams and thus four spiral arms; this is the situation in which the solar
magnetic equator is given by xsin (2X+Xo).

It is useful to envisage the surface which divides the region of the northern
and southern winds. The first panel of Figure 12 (T = 0 HR) shows the geometry of
this surface at the onset time of the first flare, viewed from the longitude 240,
latitude 30". Since the solar magnetic equator is appreciably inclined (-20')
with respect to the rotation axis and since the solar wind speed is finite, this
surface appears as a warped plane. Actually, there is an azimuthal current in
this plane, and for this reason the surface is often called the 'heliospheric
current disk (or sheet).'

Suppose that the solar "dipole moment" is directed northward (as was in 1970-
1975). Then, the magnetic field lines from the northern hemisphere spiral out
above the solar current sheet and the field lines from the southern hemisphere
spiral in below the solar current sheet. Thus, at -1 a.u. above the current
sheet, the IMF B vector makes an angle (the IMF angle PHI) of -135* with respect .
to the sun-earth-line and -315" below the current sheet.

4.3 Parameterization of a Solar Flare

In the present modeling scheme, it is assumed that solar activity enhances the
solar wind speed from a circular area centered around the solar activity center; it is l
illustrated in the middle panel of Figure 10. This velocity field is parameterized by
six parameters. ..
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(A) Onset time T
(B) Longitude of the center of the circular area (W)
(C) Latitude of the center of the circular area Ce) .*.o
(D) Maximum speed VF (km/sec)
(E) Time variation of the flow expressed by V(t) = VFte-t); thus, T is the time

variation parameter; as an example of V(t) for T = 12 hrs, see the bottom panel of
Figure 9. A

(F) Extent of the circular area by assuming the Gaussian distribution with the
standard deviation a '%.

Thus, altogether, we have the six parameters, T, 4, 8, VF, T and a* for each solar
flare. .V

4.4 Tracing Solar Disturbances

With the above preparations (4.2) and (4.3), it is now possible to trace solar wind
and magnetic field disturbances in interplanetary space after flare onset. Figure 11
shows an example of the propagation of solar wind and magnetic field disturbances in the
ecliptic plane, caused by two flares separated by 48 hours from the same active
region. The figure shows four 'snapshots' taken 2.0, 2.5, 3.0 and 3.5 days after the
first solar flare. - The shock wave generated by the first flare is reaching a distance
of 1 a.u. on the second day (T = 2.0 day). The propagating shock structure from the
second flare became visible on the third day (3.0 day). Note that the direction of the
propagation of the second shock wave is appreciably different from that of the first
shock wave, because the active region rotated by about 28* between the first and the
second flares.

Figure 12 shows a large-scale distortion to the current disk which is caused by the -
two high-speed flows originating from the two flares. Suppose that if the earth is
located above the current sheet prior to the flare. As the current sheet is pushed 1
upward (in this particular case) by the flare-generated flow, the earth will be located
below the current sheet after the passage of the shock wave. Thus, the azimuth angle
PHI suddenly jumps from -135' to -315. Such a sudden change of the angle PHI by 180'
during major storms is of common occurrence. ../.*%.

The present modeling method allows us to detemrine V(t) and B(t) as a function of
time at any point in inner interplanetary space. Thus, knowing the accurate location of ,.- ....
the earth (specifying the date and UT of a flare), it is possible for us to determine
the above two quantities as a function of time. Figure 13 shows the solar wind speed V,
the IMF magnitude IBI and the angle PHI variations which result from a flare specifiedA
by I - 0', 8 = 0, V = 800 km/sec, T = 12 hrs. In this particular case, the shock wave
has developed the so-called 'forward' and 'reverse' shocks by the time it reaches the
earth, as can be seen in the V(t) profile. The magnetic field magnitude is greatly *,.** ,
increased in the region between the forward and reverse shocks. e

In this simulated situation, however, the angle 8 does not change. In order for
the angle-8 to change, other changes must take place. Here we consider only a simple
situation in which linearly polarized Alfvfn waves propagate along the magnetic field
lines; for details of the superposition of the Alfvfn waves, see Hakamada and Akasofu
(1982). As a result, the angle e varies in time, causing c to vary as well. In the
third panel of Figure 13, the resulting c is given. The last two panels of Figure 13
will be discussed in the next section.

5. PREDICTION OF THE GEOMAGNETIC STORM QUANTITIES

Once the power s(t) can be predicted as a function of time, it is possible to
predict the geomagnetic storm quantities as a function of time.

5.1 Cross-Polar Cap Potential 0pc(t)

The cross-polar cap potential *c drives the convective motion of the ionospheric ',-.-
plasma across the polar cap, which auses various auroral activity. Fortunately, we
have now an empirical relationship between 0 and the power e (Reiff et al., 1981).
Figure 14 shows their results. Thus, if e(t) %ecomes predictable, it will be possible
to predict #p,(t). One of the objectives of our study is to develop a numerical scheme '

to determine the electron density distribution profile over the entire polar region as a
function of time, if e(t), fpc(t) and the dawn-dusk dimension of the polar cap can be
given. The potential drop 0 , together with the size of the auroral oval (see section '

3.2), determines the convecfion speed of the F region plasma. Watkins and Richards
(1979) and Sojka et al. (1981) have already made an extensive modeling of the F region
electron density profile for given convection patterns.

5.2 Geometry and Size of the Polar Cap

In section 2, we have already studied a numerical scheme by which the geometry and
size of the open region in the polar cap can be determined for an arbitrary magnitude
and direction of the solar wind magnetic field (Akasofu and Roederer, 1984). Another
important quantity for HF radio wave propagation is the equatorward boundary of the . %.
diffuse aurora. There have already been several studies which relate it to the IMF Bz
and the geomagnetic indices AE and Dst (Hardy et al., 1981; Meng and Akasofu, 1983;
Makita et al., 1983). Those empirical relations, together with the numerically
predicted 8 z , can be used to predict the location of the equatorward boundary of the
diffuse aurora as a function of time.

- ...- * %.
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5.3 Geomagnetic Indices AE and Dst

Akaeofu (1982) gave an empirical relationship between AE(t) and E(t) and between
Dst(t) and e(t). Using the results obtained there, we can determine both AE and Dst as
a function of time. In the bottom two panels of Figure 13, we show the AE and Dst
indices thus determined. It is in this way that we can numerically predict the geomag-
netic storm indices AE(t) and Dst(t) as a function of time.

5.4 Future Projects

At this stage of progress in solar-terrestrial physics, it is easy to argue that
the kind of efforts described here is premature. However, it is through such an effort

that we can recognize which areas of this discipline require more effort in
accomplishing the prediction. Our goal is to understand various processes involved in
solar-terrestrial physics, so that the prediction of geomagnetic storms would eventually
become possible. It is not too early to initiate the efforts described in this paper
toward this goal.

At the present time, we are concentrating our efforts in (i) identifying all nec-
essary computer codes which are needed for this particular purpose, (ii) developing
missing codes, (ii) assembling all the codes for this particular purpose, and (iv)
testing and improving the whole numerical prediction scheme. This project requires ,* .0
'state of the art' knowledge in every element in the scheme.

At present, the weakest element in the whole scheme is the prediction of the polar
angle of the solar wind magnetic field 0(t). Obviously, there must be many causes for
the changes of V(t), B(t) and 0(t), other than those mentioned in this paper. In order
to improve our knowledge on 0(t), much future effort is needed to examine the
relationship between solar activity and the solar wind magnetic fields during disturbed

periods. Pudovkin and Chertkov (1976) suggested that 9 can be predicted by observing
the solar magnetic field in the vicinity of the flares. However, Tang et al. (1984)
could not find any obvious relationship between the solar (photospheric) magnetic field
distribution and the INF Bz component. Although this is a disappointing finding, the
results suggest the importance of the meridional component of the solar wind near the *. .

sun in producing 0. Klein and Burlaga (1982) suggested that "magnetic clouds" are
responsible for some of the changes of the IMF B, component, eo that such clouds are .
another cause of IMF (Bx, B, B.) changes. Their magnetic clouds arise from magnetic
field-aligned currents, so hat it may be possible to accommodate this feature in our
future modeling. ' -
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Fig. 12 The distortion of the solar current disk, by a solar flare, viewed from the
direction of longitude 240* and latitude +30' at 0, 24, 48, 72, 96 and 120 hra after the

flare; the 'gap' in the current sheet indicates the zero longitude. Note that the solar
current disk is rotating as a result of the solar rotation (the quiet-time disk at T "

0). The flare effect is propagating in the direction of longitude 0 and form a large . . -

convex distortion on the solar current disk.
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DISCUSSION

EJ.Fremouw. US
Do you intend to integrate your predictive code with a magnetospheric convection model and, if so, which model?

Author's Reply
We have been developing our own model, because both changes of the geometry of the open field line region by the
IMF (B, By, B,) and changes of the cross-polar-cap-potential OP, by -must be incorporated. This is because the average
oval is not useful in predicting day-to-day changes of the F2 ionization distribution.

G.W.Prolss, Ge
A significant number of geomagnetic storms are not flare produced but are of the recurrent type. Assuming that this
latter type of disturbance has its origin in coronal hole structures/XBP region how do you incorporate this activity in
your geomagnetic storm prediction scheme?

Author's Reply
It is our finding that the envelope of the AE index of recurrent geomagnetic storms can be expressed by VB2 where V
and B are the solar wind speed and the IMF magnitude (Hakamada. K. and S.I.Akasofu, Space Sci. Rev. 31, 3, 1982;
Figs. 3.6, 3.7, 3.8). Our scheme can predict both V and B, so that it is possible to predict the general trend of the
recurrent storms quantitatively. However, it is not possible to predict individual substorms during a recurrent storm.

N.C.Gerson, US , .,.
What percentage of time do your theoretical predictions agree with observations, and what percentage of time do they
not?

Author's Reply
A geomagnetic storm is quantified by the two geomagnetic indices AE and Dst which depend on how the solar wind
speed V, the IMF magnitude B and the two angles (a, 0) of the IMF vary as a function of time. It is then not a matter of
.yes" or "no". We are reasonably confident that our scheme will predict V, B and 0.
However, at the present time, we are far from satisfactory in predicting a, but it is a crucial parameter. There has been
little study of the a changes. so that we need a great deal of effort in understanding them.

S.Quegan, UK opn
Your model predicts equipotentials over the polar cap. i.e. open field lines. Does it extend to predictions of the
equipotentials in the closed field line region, i.e. the region where plasma is convecting back sunwards.

Author's Reply
If one assumes that the poleward boundary of the oval is the boundary of the open field line region, our model should '-".%
be able to predict the convection pattern in the closed field line region. However, at present our model does not include e

the plasmasphere.
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ABSTRACT

The effects of the transmission medium on radio systems in the high latitude regions are reviewed.
First, some general propertiea of propagation media are discussed, followed by brief descriptions of the
effects on radio waves of the earth' surface, the tropoaphere and the ionosphere in high latitudes.
General principles are illustrated by examples from observations end. model calculations.

1. INTRODUCTION

The propagation medium which separates transmitter end receiver in a communication system, or a remote
sensing system from its target, influences the electromagnetic waves in a number of ways. The medium can
be a nuisance, en obstacle which causes deterioration in the quality of the signals, but it can also pro-
vide a vehicle for propagation, making communication end probing possible beyond line-of-sight distances.
The characteristics of the Earth's surface, the non-ionized atmosphere and the ionosphere all play a role
in the propagation of radio waves over a wide frequency range. In high latitude regions the waves props- "
gate in a particularly complex environmient which offers difficult problems as wall as interesting possi-
bilities for the system engineer. The purpose of the present paper is to review some basic physical
principles of how the medium supports end limits transmissions of radio signals, as a background to the
mrs detailed papers that follow. Detailed discussions of theory are beyond the scope of this paper,
instead the media effects will be illustrated with a few relevant examples from experimental investi-
gations and modelling.

*2. A SURVEY OF MEDIA EFFECTS IN THE RADIO FREQUENCY SPECTRUM

Electromagnetic waves in the frequency range from Hz to GHz are used for communication, navigation and
* remote sensing. It is obvious that a system must be tailored not only to the needs of the user, but also

to the properties of the propagation medium. The challenge to the system engineer is to design systems
that can adapt to changing conditions in the transmission medium in an optimal way. Modern technolgy
offers opportunities to improve present system designs, but basic knowledge about the medium is still
missing in may areas.

Figure 2.1 summarizes, in a schematic form, the main effects of the medium upon the waves. These include
attenuation, time delay, doppler shifts, refraction, reflection, scatter, polarization changes, focussing
and defocussing, multipeth propagation and ducting. Although these media effects are present all over
the world, we shall see that many of them are particularly important in high latitude regions.

2.1 SOME FUNDAMENTAL CONSIDERATIONS

The system engineer needs information on how the transmission medium influences certain basic charac-
terietice of the transmitted signals: .

- path loss, which determines the signal-to-noise ratio
- bandwidth, which determines the rate of information transfer
- spatial coherence, which is of importance for apace diversity reception
- temporal coherence, which influences fading rates end integration times

It may be useful at this stage briefly to review some fundamental propagation mechanisms.

*2.1.1 Refraction end reflection

The medium may be characterized by a complex refractive n -ix where the real part Pi determines the
refraction or bending of a ray, end the imaginary part X is a measure of the absorption. In many cases
it is possible to describe the propagation by ray tracing based upon a simple application of Snell's law
through a stratified medium. The refractive index n is normally a function of the properties of the
medium and of the frequency, so that both refraction and absorption are dispersive and may introduce
distortion of the signals. It is important to realize that raytracing can in principle only be used when
the medium changes slowly along the ray path. Whenever the refractive index changes rapidly with
distance so that the changes are significant withing a radio wavelength, ray theory breakee down, In
such cases reflection becomes a gradual process along the path of the wave, end sophisticated "full wave"
theories must be applied to calculate accurate values of reflection coefficients end absorption. Such
may be the case for ducting of VHF and UHF waves in the troposphere and for long waves reflected from the
ionosphere. Figure 2.2 illustrates the mechanism.

2.1.2 Scatter and diffraction $

Irregular variation in refractive index give rise to scatter as illustrated in Figur 2.3. IF the

variations in the medium are expressed in terms of the permitivity c(r) (refractive index squared), and
if the incident wave field varies slowly compared to the changes in permittivity, it may be shown (see
for examle Gjesaing 1978) that the scattered field is
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E (k2 E/4AwR) I e(r) exp(-iKr) d3r (2.1)
* 9

Here r is a position vector, R the distance from the scattering element to the receiver, and ko - ks
* +

where ko and ke are the wave numbers of the incident and scattered fields respectively. This equation

states that the scattered field Es is proportional to the Fourier transform of the spatial veration in
refractive index within the scattering volume V. Information about the scattered power P as a function

of the scattering angle 6 may be obtained by multiplying Es by its complex conjugate. The scattering
cross section a(8) is defined as the mean power in the scattered wave per unit power density in the inci-

dent wave in the scattering volume, per unit solid angle in the direction of k, per unit scattering
volume.

a(6) = (wk4/2) #(K) (2.2)

Here #(K) is the Fourier transform of the spatial autocorrelation function of the refractive index fluc-
tuations. The situation is illustrated in Figur 2.4 a. The point to note here is that if the function

#(K) describing the medium is known, it is in general possible to calculate bandwidth, delay function
(pulse distortion) as well as horizontal and vertical correlation distance of the field strength of a
signal. It is, of course, also possible to go the other way and to derive information about the struc-,
ture of the medium from observations of the scattered wave fields. In scattering by tropospheric tur-

bulence the form of +(K) is often assumed to be *(K) = K-n where n = 11/3.

The same principles may be applied to diffraction effects. If the permittivity of the medium is constant

within a.volume the relation between the field E within the scattering volume and the diffracted field is ,

given by:

ED) = (k2 /4R) J E(r) exp(-iK.r) d3 r (2.3)v

The situation is shown in Figure 2.4 b. Again it may be shown that the angular spectrum is the Fourier
transform of the autocorrelation function of the spatial variation of the electric field within the
scattering volume.

3. PROPAGATION EFFECTS OF THE EARTH'S SURFACE

The earth's surface will absorb, reflect, diffract and scatter radio waves. The effective conductivity
of the ground will depend upon vegetation, moisture content of the soil, snow cover etc. Various models,
such as the Langley-Rice model (Langley and Rice 1978) have been developed to describe the effects over a
wide frequency range. The properties of the ground are important down to a depth which depends upon
radio wavelength and conductivity. This skin depth may be expressed as

a s  1/' fosT o (3.1) ' "'."

Here f is the wave frequency, oa the ground conductivity, and Po the permeability of free space. The
skin depth varies from typically a few centimeters at VHF and UHF to 100 m at VLF. In high latitudes "- 1
there are special problems associated with snow, ice, permafrost and Arctic tundra which have very low
ground conductivities. Figure 3.1 shows measurements of HF backscatter coefficients in the Arctic and '.4"
illustrates the effects of various types of surface on the scatter of radio waves (Burdick at al 1976).
The backcatter sounder has been swept in azimuth.

The values to the right in the top figure represent scatter from the sea, those to the left scatter from
islands and broken sea ice. We note that the latter are about 20 dB smaller than the sea scatter coef-
ficients. Of particular interest are the very small values (35 dB below sea values) observed for the 19
MHz wave when it is scattered from the Greenland icecap. The scatter region coincides with the region of -.
maximum icecap thickness. It is also well known that the Greenland and Antarctic icecaps cause signifi-
cant phase lags for VLF waves in the Omega navigation system (Westerlund et al 1969). 1-'. *"

Figure 3.2 shows the effects of low condictivity tundra (0.001 S) on LF waves (Thrane and Andreassen .
1985). At a distance of 1000 km from the transmitter the ground wave field is attenuated by 20 dB rela-
tive to the field over sea. These calculations were made for a smooth earth surface. In practice rugged
and mountainous terrain will cause diffraction effects and make realistic estimates of ground wave field .
strength very difficult. A case in point is North Norway, where mountainous, low conductivity land is .. ..
penetrated by fjords. Nevertheless progress is being made in simulation studies using digital terrain
mapping.

4. PROPAGATION EFFECTS OF THE TROPOSPHERE ,.',.

The effects of the troposphere are most important for radio frequencies above the HF band, and they are
most pronounced for transmission at low elevation angles. The frequency dependence of the real part of
the refractive index is neglible for frequencies below 100 GHz, and the absorption by atmospheric gases
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is emall, except near the absorption line for water vapour at 22.5 GHz and the absorption line for oxygen
at 60 GHz. The refractive index n is very close to unity and is commonly expressed in N units where

N = (n-1) 106 (4.1)

N depends upon atmospheric pressure, temperature and humidity and may be approximated by:

N= 77.6 (PIT) + 3.73 105 e/T2  
(4.2)

where the total pressure P and the partial pressure of water vapour e are given in mB and the temperature
I in Kelvin. The height variation of N is approximately exponential and may be written

N(h) = No exp(-h/H) (4.3)

where the surface value No is typically 313 and the scale height H = 7 km. We understand that the low
temperatures and dry air in Arctic and Antarctic regions may cause deviations of N from values typical of
low and middle altitudes. In general No varies geographically from about 400 in humid tropical regions
to about 300 in desert climates and in high latitudes (Bean and Dutton 1966).

4.1 PATH LASS AND FADING

Figure 4.1 (Glessing 1983) summarizes some factors determining the path loss in troposheric propagation.
Within the line-of-sight the power density decreases with distance squared, but interference between a
direct wave and waves reflected from the ground may cause oscillations in the field strength pattern.
These can be controlled by changing frequency or the height of the antennas.

Beyond line-of-sight diffraction and scatter become important. In general the earth's curvature and.'.,
terrain obstacles determine the diffraction, whereas troposheric turbulence cause scatter. As pointed
out earlier, transmission parameters such as bandwidth and delay spectrum may be calculated if the
spectrum of refractive Index fluctuations in the medium is known. The intensity of such fluctuations
depends upon climatic and weather conditions. Gutteberg (1984) reports on a study of the characterictice
of 11.8 GHz signals from the geostationary satellite OTS, received at Spitsbergen (780 N). The signals
arrive at the receiver at an elevation angle of 3.2 degrees and have a path length of about 120 km
through the Arctic troposhere. Figure 4.2 shows the fading depth for different seasons plotted against
monthly mean air temperature at ground level. There seems to be a good correlation, with minimum fading
in the stable winter troposhere and maximum in unstable, turbulent summer conditions. A further
interesting result of this study is a significant space diversity improvement obtained by using two
receivers separated by about 1 km transverse to the beam.

4.2 TROPOSHERIC DUCTING

Abrupt changes with height in the refractive index may occur and are caused by changes in humidity and/or
temperature. Such feature may cause trapping or ducting of waves and give rise to complex field strength
patterns, as illustrated in Figure 4.3. Shadow zones and zones where waves arriving via different paths
interfere may occur. The occurence rate of ground based ducts shows distinct seasonal and geographic
changes. Figure 4.4 demonstrates this point and indicates that ground based ducts are frequent in the
high latitude continental climate in winter. A typical thickness of a ground based duct is 66 a at Fair-
banks, Alaska. Ducts are also frequent in a tropical maritime climate (Bean and Dutton 1966).

5. PROPAGATION EFFECTS OF THE HIGH LATITUOE IONOSPHERE

The high latitude ionosphere is characterized by its complex structure and extreme variability. The
study of its effects on radio systems is a vast subject, and here we can do no more than give a few
examples of the most important phenomena. Some propagation problems encountered in the HF band have been
reviewed by Thrane (1983).

5.1 ABSORPTION

Ionospheric absorption associated with auroral phenomena and solar proton events are of particular impor-
tance in the HF and HF bands. The absorption is strongly frequency dependent (Abe. in dB a I/fM). The .
absorption is caused by enhanced electron densities in the lower ionosphere, and may result in radio
blackouts which completely disable radio systems over wide areas and for long time periods. For auroral
absorption a typical blackout may cover an area which extends 100 km across the auroral zone and 1000 km.
along the zone. The disturbance lasts for 1/2 hour to a few hours. A solar proton event may cause a "-"
Polar Cap Absorption event (PCA) which in extreme cases can cover the entire polar cap down to 60 degrees
latitude and last for 10 days.

It is essential to obtain a good statistical description of the occurence rate of such phenomena. Sta-
tistics are available, mainly in the form of riometer absorption measurements of cosmic noise intensity
at frequencies near 30 M4z. Figure 5.1 shows the classical picture of the geographical probability
distribution of such absorption (Harz at el 1963). For radio systems it is of interest to relate the
riometer absorption measurements to absorption at oblique incidence. Table 1 gives rough estimates of
the oblique incidence absorption over a 450 km path with a 1 hop reflection from the F-layer. Note that - "
a I dB riometer absorption may give absorption of the order of 100 dB for frequencies in the lower HF
band.
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Oblique path absorption (dB)
Frequency Ratio

MHz Riometer absorption (dB at 30 I4z

2.5 128
3.5 80
8 22
15 7

Table 1 Approximate relation between oblique incidence and riometer absorption

For modelling of circuits is is also important to relate riometer absorption Ar to the electron density
profile in the lower ionosphere, so that both reflecting and absorbing properties may be calculated.
Friedrich and Torkar (1981) have constructed model electron density profiles for different degrees of
ionospheric dietubance as measured with a 27.6 HIz riometer. The model profiles are based upon more then
50 rocket measurements of electron density by means of the Faraday rotation technique. The night-time
model is shown in Figure 5.2.

The effects of auroral absorption on circuit reliability are illustrated in Figure 5.3 for a medium
distance path within the auroral zone in North Norway (Thrane 1979). Reliability measurements have been
made for quiet conditions (Ar < 0.2 do), for moderately disturbed condition (0.2 d8 < Ar 2 do), and for
disturbed conditions (Ar > 2 dB). It is interesting to note that the reliability may actually increase .
during moderate disturbances. This is because even a weak disturbance will tend to wipe out the intere- . ,.
ference in the HF band, so that the signal-to-noise ratio may increase, even if the signal strength is
decreased. /x

In all circuit planning in high latitudes one should keep in mind that there is a small chance for large
disturbances with devastating effects for systems operating in the F and HF bands. This simple fact
often seems to be forgotten!

5.2 RAY PATHS IN THE HIGH LATITUDE IONOSPHERE

The complex structure of the high latitude ionosphere causes very complex ray paths through the medium. r

Strong horizontal gradients and field-aligned irregularities give rise to refraction, reflection and
scatter, as indicated in Figure 5.4 (Buchau 1972). Note that the horizontal structure in this case cases
a "dead zone" in addition to the well known skip zone. Tilts in the ionosphere also cause changes in
the angle of arrival of a radio signal and often limits the accuracy of HF direction finding.

The effects of multipath propagation on signal bandwidth are important. Figur 5.5 shows results of HF

spread spectrum transmissions with different bandwidths for a case when multipath is important (Skaug
1984). The results indicate that the percentage detection of the signal increases with increasing band-
width up to a bandwidth of 80 kHz. The reason is simply that this bandwidth allows the resolution of the
multipath echoes. For 160 kHz bandwidth the signal is no longer coherently reflected from the

ionospheric layer, and the detection percentage is low. %.%

Sporadic E-layers are often associated with auroral disturbances and may give rise to very strong, stable

reflections of HF and even VHF waves. Figure 5.6 shows such a layer as measured with the EISCAT radar
(Hall and Kirkwood, private communication). 7
It is also worth noting that a disturbance causing a blackout in the HF band may enhance signal strength
in the LF and VLF bands. Figure 5.7 shows interference between ground wave and skywave for a 153 kHz
wave during a 2 dB riometer absorption event. The skywave dominates over the ground wave for distances
beyond 600 km. For the undisturbed case the sky wave is more heavily absorbed and the interference is
much less pronounced (Thrane and Andreassen 1985).

The total electron content of the high latitude ionosphere influence the accuracy of space tracking and
satellite navigation systems, and it is difficult to model the necessary correction for a rapidly varying
medium. Figure 5.8 shows an example of range tracking errors of a 425 Hz radar (in Bedford
Massachusetts) tracking the Transit satellite (Tomljanovich and Long 1978).

.%

5.3 THE EFFECTS OF IRREGULARITIES AND SCATTER NP,"

Irregularities may profoundly influence propagation of radio waves reflected from, or penetrating the
high latitude ionosphere. In the ionospheric D-region the irregularities have a spectral distribution

corresponding to turbulence in the non-ionized air, whereas in the E- and F-regions irregularities are

produced by electrodynamic processes in the plasma. The autocorrelation function #(K) discussed in Sec- ,
tion 2 therefore has a different form below and above about 95 km (Thrane and Grandal 1981). Typical
observed spectral slopes are -11/3 below 95 km and 0 above this height. In the F-region the irregulari-
ties are field-aligned and cause strongly directional scatter.

%.m m%

!" ,ii i." %
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Plasma irregularities in the high latitude regions cause scatter and may significantly influence radio
propagation. Figure 5.9 shows a coverage diagram for 7 and 10 14z for a transmitter in South Norway
directed towards the north. The position of the auroral zone is indicated, and it is obvious that
scatter from irregularities associated with auroral phenomena may be important. VHF radar studies have
shown that scatter may also occur far south of the auroral zone (T B Jones private communication). The
presence of irregularities is likely to reduce the efficiency of communication systems as well as OTH
radars.

Plasma irregularities in the F-region give rise to scintillation in signals from satellites. Again these
scintillations are related to the position of the auroral zone as shown in Figure 5.10 (Whitney and
Asrons 1976). The intensity of the phase fluctuactions imposed on the signal is illustrated in Figure
5.11 (Aarons and Whitney 1980).

6. CONCLUSION

A brief review has been given of some important transmission medium effects in the radio frequency
spectrum at high latitudes. Modern technology opens possibilities for communication and remote sensing
systems which can adapt to a complex and rapidly changing medium, but accurate modelling of the
transmission medium is necessary for optium system design. Although progress has been made in recent
years, a substantial effort is still needed to map and understand the characteristics of the high lati-
tude troposhere, upper atmosphere and ionosphere, as well as the relevant properties of the earth's
surface.
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EISCAT POWER PROFILE (CP-1-F: SHORT PROFILE)
1000*LOG OF ELECTRON DENSITY IN "PER CUBIC CM."1%
FROM 28/01/85 1801 TO 28/01/85 1830 8

H
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Figure 5.6 EISCAT power profiles showing the presence of sporadic E-layer. The measurements were made
as part of the "Common program" and the height resolution of the radar is not optimal. The
sporadic E-layer is therefore blurred in height.
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Figure 5.7 The effect of an ionospheric disturbance on a 153 kHz transmission over poorly conducting
ground (0.001 S) (Thrane and Andreassen 1985).
Upper curve: Field strength versus distance for disturbed conditions (Ar =2 d8)
Lower curve: Field strength for undisturbed daytime (Ar =0 dB)
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Figure 5.8 Ionospheric range corrections along a TRANSIT path (TomIjanovich and Long 1978)
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Figure 5.10 Scintillation index for signals from the NIMBUS satellite measured across the. auroral zone
(Whitney and Aarons 1976)
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DISCUSSION

J.S.Belrose, CA
Concerning your calculai-ons of field strength (ground and skywaves) at 153 KHz I would like to make two comments:

I. The ground conductivities that you have used for arctic tundra are too high, at least for Canadian latitudes. The LF
ground conductivity of Arctic land is typically 0.3 mS/m (even lower); and

2. In spite of this difference, I consider that your calculations underestimate the amplitudes of the skywave. At
Canadian latitudes over northern and Arctic paths we have concluded that the skywave dominates the ground
wave at distances > 750 km for a summer day. (When skywave is most strongly absorbed.)

Author's Reply
The conductivity was chosen to correspond to terrain in North Norway. The intensity of the skywave depends, of
course, strongly on the model used for the ionosphere. The model I used for daytime was based on rocket
measurements during relatively quiet conditions.
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SUMMARY OF SESSION 11

Transionosphenec Propagation and Considerations

by

Dr J.Aarons
Session Chairman

Over the past 20 years the morphology of irregularities over the high latitude region has been explored. Both phase and .,'

amplitude scintillations have been studied. It is clear now that the high latitude irregularities can be divided into four major
groups. These are the polar cap, the aurora, the trough and the plasmapause region. As determined by scintillation-
observations auroral irregularities have been clearly shown to be a function of magnetic index, time of day, and solar flux. -

* . Polar irregularities have only recently been explored but their morphology is generally understood. Somewhat less is known %'

about lower latitude irregularities; their importance for communications is reduced since these are regions of irregularities
with low intensities.

In the AGARD conference more information on the extent of the polar irregularities was indicated with the first
measurements of total electron content variations reported. The form and velocity of auroral irregularities were outlined.

* Plasmapause irregularities were clearly separated from auroral disturbances.

% More importantly, however, there were attempts to link the irregularity studies to large scale probing of the ionosphere-
A magnetosphere interaction. Various techniques are being used including coordinated in-situ satellite observations and

incoherent scatter radars.

The future holds the possibility of understanding the processes that link the high latitude ionosphere to the
magnetosphere and eventually to the sun. Irregularity generation is being tied to convection patterns at high latitude as well.
as to precipitation. The interaction of these physical studies with the propagation measurements serving as a data base will
lead to means of forecasting and predicting when fading of trans-ionospheric signals will occur and probably to methods of %'
reducing the effects of the F layer ionospheric irregularities on trans-ionospheric satellite propagation.

'S.N
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RECENT HILAT RESULTS

E.J. Fremouw

Northwest Division
Physical Dynamics, Inc.

P.O. Box 3027
Bellevue, WA 98009 USA

Summary

The DNA HiLat Satellite was launched on 27 June 1983 for the purpose of studying the
development and dynamics of F-layer irregularities between the plasmapause and the pole.
In a circular 800-km orbit at 82 inclination, it carries (1) a coherent radio beacon for
measuring complex-signal scintillation and TEC, (2) a three-instrument thermal-plasma
experiment consisting of a Langmuire probe (debilitated on launch), a retarding-potential
analyzer (RPA), and an ion drift meter; (3) an energetic-electron spectrometer operating
between 20 ev and 20 key, (4) a three-axis fluxgate magnetometer, and (S) an optical-?
package consisting of a vacuum-ultraviolet (vuv) imaging spectrophometer (failed after
collecting forty orbits of data) and two visible-wavelength telephotometers. All instru-
ments other than the Langmuire probe and the vuv imager continue to operate reliably. To
date, HiLat has returned the following three specific observations of note: first auroral

* image in full daylight, most intense field-aligned current flowing into the ionosphere,
and energy-dispersed electron precipitation impulses with about a one-second periodicity. * "
This paper summarizes these observations and on-going analyses of HiLat's bulk data base.

~OBJECTIVESJPerformance degradation of a wide variety of C I systems due to phase, angle, and

intensity scintillations produced in ionospheric irregularities would be exacerbated by
enhanced plasma density left after high-altitude nuclear detonations. The Defense

*" Nuclear Agency (DNA) seeks to understand the development of such irregularities by study-
, ing them as they occur under conditions of natural disturbance when substantial plasma-

density gradients are present. At high latitudes, which we define here as extending from
the plasmapause to the poles, the F layer is replete with macroscale gradients and with
sources of free energy that can cause the neutral, ion, and electron gases to move along
and across those gradients. When directional requirements are met, such conditions are
unstable to the growth of irregularities throughout a large range of scales.

Reliable statistical characterization of complex-signal (amplitude and phase) scin-
tillation permits design of mitigation schemes. Besides the strength and radio-frequency
dependence of the fluctuations (the latter well-known), their temporal and spatial spec-
tra are of particular interest. In the HiLat program, we seek to understand plasma-
density irregularities over a spectral range of scales extending from thousands of km down
to tens of meters. The HiLat Satellite is providing In-situ measurements of the par-
ticles, fields, and currents that lead to high-latitude irregularities, simultaneously
with direct radio-beacon observations of the scintillations they produce. "

From an operational point of view, points of concern include the observing-geometry
dependence of scintillation, which is dictated by the three-dimensional shape of the
irregularities. Beyond this, besides questions of nuclear enhancement, a useful capabi-
lity would be an ability to predict when, where, and under what solar-geophysical condi-
tions disruptive levels of scintillation will occur. This is possible now only in a
crude, statistical sense. -

The first objective of HiLat is to provide definitive, quantitative information on
high-latitude scintillation strength and, more particularly, on the spatial and temporal
spectra of the intensity and phase fluctuations of which it is composed. The second is to
extend into new locations and local times of day/night the diagnosis of three-dimensional
irregularity shape begun with HiLat's single-experiment predecessor, the Wideband Beacon
Satellite (Fremouw et al, 1978). The third is to provide the additional diagnostic infor- "'
mation on background ionospheric processes that cannot be provided by a beacon experiment
alone and that is necessary for definitive identification of irregularity development and

* dynamics.

DESCRIPTION

Table 1 lists the HiLat experiments, their intended purposes and basic character-
istics, and the principal experimenters associated with each, and Figure 1 shows the loca- q
tion of the sensors on the satellite. Data are collected by means of real-time trans-
missions to the four high-latitude receiving stations shown by encircled stars in Figure
2, which are as follows: Tromso, Norway (auroral zone); Sondre Stromfjord, Greenland
(polar cusp); Churchill, Manitoba (auroral zone); and Bellevue WA (plasmapause). A

second Canadian station (non-circled star) is planned for Inuvik, Northwest Territories
(auroral cusp). The Bellevue receiver, nicknamed Rover, is transportable to other loca-
tions for limited-duration observing campaigns.

The experiment payloads normally are operated over the northern quadrisphere of the
earth, although they can be turned on for any quarter of the orbit. The satellite is in
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Figure 1. The HiLat Satellite, P83-1. The orbital velocity vector

is in the x direction.
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Figure 2. HiLat receiving stations and data coverage for beacon
(solid circles) and other (dashed) experiments in
offset-magnetic-dipole coordinates. Two representative
passes are shown.
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an approximately 800-km circular orbit at 820 inclination, and the orbital plane pre-
cesses through 24 hours of solar time approximately twice per year. Data collection is
planned for three years.

A SAMPLING OF RESULTS TO DATE

Following launch, all experiments operated as designed, with the exception of the
Langmuire probe. Later, the high-voltage power supply to the imaging spectrophotometer
in the optics package failed after producing several tantalizing images of both the night-
side and dayside aurora, including some in full sunlight. This Auroral Ionospheric Mapper
(AIM) produced data simultaneously with the electron spectrometer, magnetometer, and
plasma probe on approximately forty passes during the engineering-initialization phase of
the mission. Unfortunately, the failure occurred prior to activation of the fully
equipped HiLat receiving stations for the operational phase of the mission. Conse-
quently, beacon data are not available from the passes that produced AIM images.

Some of the spectacular vuv images produced by AIM during the HiLat initialization
phase have been published elsewhere. Pertinent to the present discussion is that appear-
ing as Plate 1 in the paper by Fremouw et al (1985a). Figure 3 shows partial data from the
In-fitu instruments recorded during that pass at the ESRANGE Station at Kiruna, Sweden.
At about 69570 sec UT, HiLat passed from the diffuse aurora into the discrete-arc oval on
the evening side of the earth (-1940 Magnetic Local Time, MLT) near 69* magnetic Eccentric
Dipole Latitude (ELAT). Dynamic energy spectra from the three directional energetic-
electron sensors (Plate 2 in Fremouw et al, 1985) showed strengthening and hardening of
both precipitating and upwelling electrons as the discrete-arc oval was reached, which Jr.
persisted until the satellite passed into the polar rain about 100 sec later. After
traversing the polar cap, HiLat encountered the morning-side oval near 750 ELAT at about
70000 sec UT. --

The two traverses of the discrete-arc oval are demarked clearly in Figure 3 by ele-
vated fluxes of precipitating electrons (JTOT), multiple current sheets inferred from the
magnetometer, and directly by the vuv emission recorded in AIM's nadir pixel. The
thermal-ion sensors disclosed rapid shear flows in the auroral-oval plasma, with the
horizontal ion velocity closely correlated with the magnetic-field perturbations on the
evening side. They also showed elevated plasma density on the evening side, including the -

region of diffuse aurora, as compared with the early-morning side, and some density
enhancement associated with the nightside arcs. Although many topside density enhance-
ments are related to precipitating-electron flux, there is by no means a one-to-one corre-
spondence.

The brightest auroral region was one of generally upward current, presumably carried
by the precipitating energetic electrons represented in the top trace in Figure 3. The
magnetometer, however, indicated an intricate pattern of currents locally flowing down-
ward and upward, as superimposed on an enlarged auroral image in Plate 3 of Fremouw et al
(1985). The locally strongest current was one flowing downward near HiLat's first
encounter with the auroral form. The high-resolution plots in Figure 4 disclose a complex
of electrodynamic phenomena associated with the current, as uncovered and analyzed by
Bythrow et al (1984).

First, direct application of Ampere's law yields an evaluation of the current
itself. Specifically, given the orientation of the magnetometer's x, y, and z sensors, Sell
the steep inclination of the field lines, and the satellite velocity (7.44 km/sec in the x
direction), one finds from the rate of change of the y-componenet B-field (in nano-
teslas/sec) that the field-aligned current was approximately

01 d - 90 wa/m
2

which is the strongest downward flowing Birkeland current yet observed on any satellite.

The middle two panels disclose a discontinuity in the number flux and energy flux of
precipitating electrons about 2 km (1/4 sec) equatorward of the current sheet. Bythrow et
al (1984) analyzed the electron energy spectra obtained at the foot and at the top of the
discontinuity to infer plasma-density profiles and corresponding field-line-integrated

4i, Pedersen conductivities. What they found was an x-directed conductivity gradient of 2 L
mhos/km. Given a minus x-directed (i.e., southward) electric field of 45 mv/m, the con-
ductivity gradient is sufficient to account for the field-aligned current, as follows:

z z E 3-_ 4 =S -90 a ,

, Ex x = (45

The background electric field, while observationally consistent with a value of 45
mv/in southward in the region just north of the conductivity discontinuity, could not be
measured directly there because of strong plasma-velocity variation encountered in that
region, as displayed in the bottom panel of Figure 4. These fine-scale velocity shears
represent another phenomenon associated with the field-aligned current. If carried by
upwelling electrons, as deduced above, the current corresponded to an electron flux of '
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Figure 3. Data from on-board sensors taken during passage
over auroral oval and northern polar cap on
23 July 1983.
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Figure 4. High-resolution data from near the equatorward edge
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J z 0 26 x 10 el/cm sec, %

which is sufficient to drive the 0+ ion-cyclotron instability. Thus, it is concluded that V
the electric field fluctuations inferred from the plasma-velocity structures are the
signature of the ion-cyclotron instability driven by the observed downward Birkeland
current. %

Moreover, a thermal-plasma density of about 2 x 104 el/cm 3 was measured at the satel-
lite. If this represents the density of the upwelling electrons constituting the current,
then the upward velocity of the electrons is

Jz 6 x 10
1 0 el/cm

2 sec = 0 m/ecVe  - 30 km/sec. .-.-
ene 2 x 10 el/cm

Now, a cross-field gradient length of about 3 km was observed for the precipitating-elec-
tron flux from which the Pedersen conductivity was deduced. This combination of plasma-
density gradient and drift velocity is ample to trigger the current-convective instabi-
lity, a member of the family of convective interchange instabilties thought to play a
dominant role in the development of scintillation-producing irregularities.

Unfortunately, the foregoing observations were made before the complete HiLat
stations, with their beacon receivers, were operating. Since that time, however,
numerous scintillation observations have been made, ranging from weak intensity and phase .-.
fluctuations at the plasmapause (from Bellevue and on a Rover field trip to AFGL at
Hanscom Field) to much stronger scintillations observed in the auroral zone and in the
polar cap and cusp. A report on results to date from the dayside cusp will be presented
y Livingston et al (Proceedings of this symposium).

A typical example of polar scintillation and correlative measurements is displayed
in terms of reduced parameters on the standard edited-data summary chart reproduced in
Figure 5. From top to bottom, the three data panels respectively contain beacon data,
parameters relating to auroral precipitation, and information on the density and drift
velocity of the thermal plasma at the satellite. Above and between the panels are various
scales relating to the location and time of the observations, plus relevant propagation
angles. The former include the magnetic apex latitude of the satellite, the F-layer
radiowave penetration point, and the F-layer footprint of the field line through the
satellite, as well as magnetic (eccentric dipole) time at the satellite.

The auroral-precipitation data include the log of low-energy electron number flux,
the vertical current densities derived from the x and y (horizontal) magnetometer
sensors, and the log of the output from the nadir-viewing 6300 A telephotometer (absent in
the daytime pass illustrated). The cold-plasma measurements displayed include the ion
density from the drift meter and the three component velocities from the drift meter and
RPA. (The example shown is from a time prior to automated processing of RPA measurements, - ''
so there is no x-velocity trace.) -"

The panel of beacon data contains measurements of TEC and intensity and phase scin-
tillation. Specifically, VTEC is the vertical equivalent total electron content, VS4V is
the VHF S4 scintillation index converted to an equivalent vertical measurement, and the
remaining (solid) curve is a phase-scintillation index. Both the intensity and phase
scintillation indices are edited automatically according to criteria chosen to exclude
dead channels, interference, and the like.

For phase, the VHF index is scaled from UHF if the former is contaminated and the
latter passes all editing tests. The S in VTVS stands for "scaled" to indicate this
possibility. The basic parameter, T, is the power spectral density (PSD) at a fluctuation - -

frequency of 1 Hz (Rino, 1979) derived from a single-regime power-law fit through the fast
Fourier transform of the phase time series measured over a 30-sec window. This PSD is
divided by the secant of the radiowave incidence angle on the F layer to produce an equi-
valent vertical parameter. Finally, the square root of VTVS is taken to produce a para- ,,
meter proportional to the electron-density fluctuation rather than its square. %

The dominant scintillation feature of the pass shown, which occurs on many passes, is
the four-fold increase in VVTV- near the point of closest alignment of the radio propa-
gation vector with the magnetic field line at the F-layer penetration point (indicated by
the minimum in "Briggs-Parkin" angle). While VTVS has been converted to a vertical equi-
valent parameter, otherwise it has been left unadjusted for geometrical effects. The
proximity of the prominent scintillation feature to the magnetic zenith, therefore, is an
indication that it probably resulted from geometrical enhancement by anisotropic irregu-
larities.

Moreover, the fact that the feature occurred at the minimum off-field (Briggs-
Parkin) angle and not as the line of sight grazed through the local L-shell (minimum off-
shell angle - 0) indicates that any anisotropy was field aligned, in contrast to the addi-
tional cross-field anisotropy experienced in the night-side auroral oval at latitudes
such as that of Poker Flat (Fremouw et al, 1977; Rino et al, 1978). It is interesting to
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note, also, that the most prominent TEC feature observed on this pass was an apparent
"hole" also co-located with the point of closest approach to the magnetic zenith. Thus,
field alignment of large-scale structures (transverse wavelengths greater than 60 kin,
say) can reveal itself in TEC recordings.

Complete description of irregularity anisotropy in specific instances must await
analysis of the interferometer data being collected in HiLat, a rather ambitious data-
processing task (Rino and Livinston, 1982). Meanwhile, however, an aggregate description
of dominant irregularity configuration can be built up from the bulk data base on phase- E% .

scintillation enhancements. A start has been made, as illustrated first for nighttime
data from Sondre Stromfjord in Figure 6.

What is shown is a contour plot of V/-VTVS on a grid of off-shell angle and off-magne-
tic-meridian angle of the line of sight at the F-layer penetration point. On such a plot,
the magnetic zenith lies at the origin. Contours displaying circular symmetry about the
origin, then, are the signature of field-aligned irregularities displaying rod-like axial
symmetry. Such a feature does appear about the origin in this plot, which contains only
about six weeks of nighttime data from Sondre Stromfjord. The equally strong feature
appearing near -10' off-meridian angle and -200 to -300 off-shell angle presumably is a
region of geophysically enhanced irregularity, which is expected to average out as addi-
tional data are accumulated.

In contrast to the circular symmetry of the feature near the origin in Figure 6, the
corresponding feature observed at Tromso during the same period, shown in Figure 7, shows
a tendency to be elongated along the L-shell direction. If reinforced by additional data
as other features average out, such elongation will indicate the presence of cross-field
as well as along-field anisotropy (i.e., "sheetlike" irregularities). Thus, a first look
at HiLat data from the nightside auroral oval at Tromso appears to be in accord with cor-
responding Wideband data from Poker Flat and to contrast with nighttime polar data from
Sondre Stromfjord. This study is continuing with the addition of accumulating measure-
ments from both stations and from Churchill to the data base.

Once anisotropy factors in the dayside and nightside oval and in the polar cap are
assessed, the phase-scintillation spectra can be used directly to infer the height-inte-
grated spatial spectrum of irregularities. This process already has been started by C.L.
Rino (private communication), who is performing systematic analysis of multi-regime
power-low spectra, such as those observed near the equator (Rino et al, 1981) and in
auroral-zone data from Wideband (Fremouw et al, 1985).

While systematic analysis of the bulk data base accumulating from HiLat continues,
and indeed intensifies, individual observations of note continue to be identified. A -'

recent example is discovery by D.A.Hardy (private communication) of periodically repeat-
ing energy-dispersion traces in dynamic spectra from the electron spectrometer. The .0
traces, which visually resemble whistlers on such a display, occur in the highest-energy
bins of the zenith-directed and oblique electron sensors but not in those of the nadir-
directed sensor. Thus, they appear to represent electrons scattered into the loss cone,
presumably by wave-particle interaction.

Figure 8 shows high-resolution time-series traces of the counts in five of the energy
bins during a brief portion of a morning pass over Tromso. The features of interest are
marked with arrows. The temporal/spatial resolution available in the HiLat electron
spectrometer permits identification of these features and discloses that they recur
periodically with about a one-second repetition period. From their energy-dispersion
characteristic, Hardy (private communication) has concluded that the electrons that they-.
represent were scattered into the loss cone in the magnetosphere south of the equator.
Continued study of their periodicity and of the time of day and solar-geophysical condi-
tions in which they occur is expected to lead to identification of the type and source of
the wave responsible.

CONCLUSION -

While HiLat suffered some instrument debilitation early in its mission and experi- P.%
ences modestly troublesome attitude variations from time to time, it is producing a wealth
of information on high-lat.tude irregularities and the plasma and electrodynamic environ-
ment in which they arise and evolve. Specific and bulk analysis of the accumulating data
base continues, along with comparison of those data with information from incoherent-
scatter radars and other sources.

From the foregoing combination of information, the HiLat Science Team is beginning '.-.-.
to sort out contributions to irregularity development by particle precipitation, plasma S
convection, and convective-interchange instabilties. By continuing to pursue these
efforts while remaining open to identification of other source mechanisms (eg, E-field
structures imposed from outside the ionosphere), we hope to provide definitive descrip-. . -

tions of the evolution of high-latitude F-layer irregularities at a future AGARD meeting.

r . ° -.
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TOTAL ELECTRON CONTENT AND L-BAND AMPLITUDE
AND PHASE SCINTILLATION NEASUREMENTS IN THE POLAR CAP IONOSPHERE
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Hanscom AFB, MA 01731

P. H. Doherty
Physics Research Division

Immanuel College
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SUMMARY

The first measurements of absolute Total Electron Content (TEC) and L-band amplitude
and phase scintillation were made from Thule, Greenland, a polar cap station, in early
1984. These measurements were made using si.nals transmitted from the Global Positioning
System (GPS) satellites. The variability of the TEC, especially during the afternoon to
pre-midnight hours, is large, with increases in TEC above the background values of greater
than 100 percent not uncommon. During one disturbed time quasi-periodic TEC enhancements
having periods as short as ten minutes and amplitudes equal to the background TEC were .r

observed for over two hours. The TEC during some of the disturbed periods in the dark % VS
Thule ionosphere exceeded mid-latitude daytime values. Amplitude scintillations were
small, not exceeding 3 dB peak to peak during the entire observing period, but they were
associated with the times of TEC enhancements, with some evidence for stronger scintilla-
tion occurring during the negative gradients of the TEC enhancements. Phase scintilla-
tions were highest during some of the times of enhanced TEC, and depend critically upon
the phase detrend interval used.

INTRODUCTION

Measurements of total electron content (TEC) obtained from high elevation angle
satellites have been obtained for the ftrst time from the polar cap station located at
Thule, Greenland, 76.5" geographic latitude, 86" invariant latitude. The only previous
TEC measurements reported from Thule, (IMendillo and Klobuchar, 1973) were recordings ,.

of Faraday rotation obtained from a geostationary satellite viewed at an approximate 5'
elevation angle where the ionospheric intersection of the ray path to the satellite was
over the auroral zone rather than the polar cap.

It is particularly important to study the behavior of the F region in the polar cap
during the winter when solar EUV is minimal, and much of the F region is dominated by
transport, rather than by local production. TEC measurements are also important because
of ionospheric time delay effects on satellite positioning systems.

In addition to making the first high elevation absolute TEC measurements from Thule, .
both L-band amplitude and phase scintillation data were also obtained. During an eight
day period in January-February, 1984 approximately 120 hours of recordings were obtained
during both relatively magnetically quiet and magnetically disturbed conditions. Ampli-
tude scintillation can limit satellite communications (2 Aarons, et. al.,1982) while
phase scintillation, a measure of irregularities of scale size greater than a few hundred
meters can seriously affect the imaging from satellite-borne Synthetic Aperature Radars
(SARs), (3 Szuszczewicz, et. al., 1983).

THE MEASUREMENT TECHNIQUE

Dual frequency, L-band, psuedo-random-code modulated signals transmitted from the
US Defense Department Global Positioning System (GPS) satellites were used for determin-
ing absolute TEC and for the measurements of amplitude and phase scintillation. GPS is
an advanced satellite system, (4 Parkinson and Gilbert, 1983), in which the user deter-
mines his range and range-rate from signals transmitted from 4 satellites by comparing
his own clock time against those received from the 4 satellites. In this manner the
three dimensional user position and velocity are determined. A fourth satellite is re-
quired to correct any user clock error. In order to provide simultaneous visibility of
at least 4 satellites to a user anywhere on, or near, the earth's surface, a total of 18
satellites will eventually be required.

For our measurements in early 1984 only 5 satellites were available for naviga-
tion, affording only a few hours of simultaneous 4 satellite visibility per day. However,
due to both the high geographic latitude of Thule, and the high Inclination of the GPS
satellites, there was at least one of the total of 5 satellites above 20" elevation for
over 18 hours per day during our test period, thereby allowing us to make TEC and scintil- ,'.-

lation observations for over 3/4 of each day during our test period.

The importance of the GPS satellites for ionospheric research lies in the dual,
coherently transmitted frequencies designed for the navigation user to correct for the %..
group delay end carrier phase advance effects of the earth's ionosphere which otherwise ..
would degrade both the range and range rate accuracy of the measurements. The signals - ..

4V



2.2-2

from the GPS satellites can be reduced, by the use of an appropriate receiving system, to
equivalent coherent carriers at 1.228 and 1.575 GHz with coherent modulation at 10.23 MHz
from which both the carrier phase advance and the modulation group delay can be directly
measured, (5Rino, et. al.,1981). Carrier phase advance can be related to relative TEC
(6deMendonca, 1963), as:

1.34 x 10- 7

64c . TEC (cycles)
f

where: TEC is in el/m 2 column and f is the carrier frequency in Hertz.

Since ionospheric changes imposed on the phase of a radio frequency wave transmitted
from a satellite are more easily measured by comparison against a reference phase at a
higher frequency we can write the difference in the ionospheric phase advance at two
frequencies, referenced to the lower frequency as:

40.31 (m2  - 1)

A(60)- X TEC
cf 2  

m2

where m - 154/120 for GPS satq lite s, c - 2.998x10 8 m/sec, f2 - 1.228 GHz. For the GPS
frequencies: TEC 2.32 x 10 A(60c) el/M 2 where &( 6tc) is in cycles.

Because of the relatively close spacing of the two coherent GPS carriers the meas-
ured ionospheric phase at the lower frequency, f2 , minus that at the higher frequency, .-

fl, is only 39% of the total phase advance at f2. Nevertheless, this technique has
excellent sensitivity of better than 0.1 radians r.m.s. in a 16 Hertz bandwidth using a
nearly omnidirectional antenna and automaticallly removes all the contributions to phase
changes due to geometric Doppler changes.

The measured differential carrier phase advance from the GPS satellites, L( 64c),
can be related to the equivalent ionospheric phase advance, 64c(f), at any single
frequency, f, by: ,. ..

6,c(f) 1.228 x x 2.546 A(6) , where f is in Hertz.
f S

For ease of comparing our phase scintillation results against those of others we have
referenced them to an equivalent single frequency carrier phase advance at a standard
frequency of 1 GHz.

The differential carrier phase advance measurement can be used to measure the rela-
tive changes in TEC with great accuracy. The background values of TEC, however, generally
produce much more than one complete cycle of differential carrier phase advance; thus,
some other technique must be used to determine the absolute TEC values.

The GPS satellites also transmit coherently derived modulated signals on each of the
two carriers, providing a means for measuring absolute TEC values. The group delay
measured between the two, 10.23 MHz equivalent modulation envelopes at the carrier fre- ' 4'

quencies is related to the equivalent TEC by: -

TEC - 2.852 x 10166(Atm)

where 6( Atm) is the differential group delay measured at the two modulation frequencies
in nanoseconds.

In order to obtain an absolute value of TEC, while at the same time retaining the
excellent relative accuracy of the phase measurements, it is c necessary to utilize
the group delay data to obtain one value uf TEC to fix the relative phase advance scale
throughout each satellite pass to an absolute one. In practice, several independent "Ar-
values of group delay are fitted on an r.m.s. basis to the continuous relative scale of
carrier phase advance.

The carrier phase advance, amplitude scintillation at the two frequencies, and
the group delay were all sampled at a 20Hz rate. Group delay was averaged over a one
minute interval to obtain smooth absolute values of TEC, and the differential carrier -
phase data was high pass filtered with various detrend times to illustrate the relative
size of the observed phase scintillations remaining after detrending.
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THE MEASUREMENTS-IONOSPHERIC REGION PENETRATED

Figure 1 illustrates the geometry of the GPS satellites as a function of elevation
and azimuth as viewed from Thule during the middle of our eight day observing period. The
satellites are in 12 hour, sidereal synchronous orbits which cross over essentially the
same position in the sky approximately 4 minutes earlier each day. The receiving system
was capable of receiving only one satellite at a time, thus we generally observed the
satellite with the highest elevation angle. Note that in figure 1 only the heavier
portion of each satellite's track was received.•POL

90
%~

% 3t

THULE

DAY 32 YEAR 84

Fig. 1. Elevation & azimuth of GPS satel-
lites as viewed from Thule, Greenland on
February 1, 1984. The heavy portions of Fig. 2. Locus of 400 km height intersection of
each satellite track indicate the times ray path to indicated GPS satellites. Invariant

& locations of actual GPS data recording. latitudes are also shown.

In figure 2 the equivalent ionospheric location of the propagation path to each
satellite at an average height of 400 km is shown, along with both the geographic and
corrected geomagnetic latitudes. Note that most of the data taken from Thule refer to
corrected geomagnetic latitudes above 80, the only exceptions being when satellites were
not visible at higher elevation angles. At those times we followed a satellite down to
below 25" elevation. The corrected geomagnetic latitudes through which we measured .
ionospheric effects from the GPS satellite signals were always above the poleward side of
the statistical position of the auroral oval as determined by 7 Feldstein and Starkov,
(1967); thus, direct auroral precipitation effects on the TEC should not occur often at ".
the invariant latitudes of our observations. However, Weber (private communication) has
frequently observed sub-visual auroras above 80' corrected geomagnetic latitude using an
all-sky image intensified optical system. During our eight day observing period several
such auroral forms were recorded by Weber above 80" corrected geomatic latitude. The
comparison of those results with TEC changes will reported elsewhere.

THE MEASUREMENTS-TEC RESULTS
S. .% .,

The diurnal behavior of equivalent vertical TEC for our eight day observation period
is shown on the daily overplot curves in figure 3. A clear diurnal variation of TEC can
be seen in these daily overplot curves with a maximum in the local afternoon sector and a
minimum in the predawn period. Thule at 76.5' N. geographic latitude has a maximum solar
elevation angle above the horizon at a height of 150 km, assumed to be near the height of
maximum production, of only 9.5" during our observing period. This maximum occurs at
1650 hours U.T. , nearly coincident with the time of our observed diurnal TEC maximum.
Thus, even though the sun is indeed very low, there is still, some apparent solar produc-
tion of F region electron density. It is possible that the observed diurnal variation
shown in figure 3 is actually a U.T. effect having the same phase as the solar controlled
TEC would have. With observations from only one station it is not possible to separate
U.T. and local time effects.

Of greater importance than the apparent solar controlled diurnal changes in the
polar cap F reg ion is the large day-to-day variability in TEC we observed, mainly during
the afternoon (U.T.) and extending until the midnight hours (U.T.). The variability of
the TEC during this period, also seen in figure 3, is extremely high on a percentage basis,

* especially during the period 20-24 hours U.T.
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Figure 4 shows a particularly dynamic period during the late hours of February 2
and 3 when the equivalent vertical TEC values varied in a quasi-periodic manner for several
hours, having periodic components as short as ten minutes, particularly on February 2,
and amplitudes of approximately 50% of the mean TEC during the time. For comparison,
figure 4 also shows the variation of TEC during the same period of the day on February 1
when the background TEC was very low and quiet. If we assume that the diurnal TEC behav-
ior seen on February I is the contribution remaining from direct solar production earlier
in the day, and is representative of quiet ionospheric conditions during our eight day
observing period, then the large enhancements seen on the evenings of February 2 and 3
represent much greater than a 100% enhancement above the solar controlled TEC.

THE MEASUREMENTS-AMPLITUDE AND PHASE SCINTILLATION

Amplitude scintillation measurements at L-band and higher frequencies have not
previously been made in the polar cap. In our 8 days of observations we observed numerous
short periods of several minutes duration having significant amplitude scintillation.
Figure 5 shows the S4 amplitude scintillation index on 1.228 GHz for the premidnight U.T.
periods of 1-3 February, the same days for which the equivalent vertical TEC was shown in
figure 4. The S4 values for February 1, with the exception of two minor peaks near 2015
and 2120 U.T., represent the contribution of receiver noise in the absence of scintilla-
tion. The numerous short term peaks of S4 seen in figure 5 on 2 and 3 February occurred-". .
during the same time of day when large TEC enhancements were seen. In a detailed compar-
ison between the occurrence of amplitude scintillation and the TEC enhancements we found
that many of the peaks in S4 occurred on the negative gradients of the TEC enhancements.

0.5
0 SECONDS-.,

0.0

-0.5 -L- ,:

100 SECONDS

0.0 %-

<

Mz-5s.0 e. - 1":-

.5.0 -

0.0

- s. o - A'

z-5 .0

:0.0

21 22 23 0
T I ME (U.T•) .. '

THULE, GREENLAND
FEB 3 1984

Figure 6. Example of phase scintillation seen on 3 February 1984, for detrend intervals
of 150, 100 and 10 seconds.
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Phase scintillation effects are shown in the recorded differential carrier phase
records shown in figure 6. Three different linear phase detrend intervals were used to
construct the phase scintillation residuals illustrated In figure 6. These high pass
detrend cutoff times were 10 seconds, 100 seconds and 150 seconds. Note that one of the
largest phase deviations seen at the longer two detrend intervals completely disappears
when the shortest detrend interval of 10 seconds Is used. U;

With the relatively slow velocity of the GPS satellites through the ionosphere most
of the phase excursions from a linear detrend are produced by the movement of irrregular
ionization structure through the viewing direction to the satellite. When the shortest
detrend interval of ten seconds is used the size of the ionospheric structure responsible
for the residual phase observed is similiar to the less than one kilometer size irregular-
ities responsible for amplitude scintillations. The longer detrend intervals, on the
other hand, depict the larger scale changes in background TEC which occur with time
scales fast enough for them to be called "phase scintillation" by most workers. The use
of the dual frequencies on the GPS satellites allows us to record ionospheric phase J6 I'll

changes for periods as long as the total satellite viewing time over our station, which
is a few hours for most satellites, so that any reasonable length of phase detrending V

interval can be used depending upon the scale size of the ionospheric structure which one .. 4
desires to investigate.

Discussion

The diurnal variation of TEC shows a clear minimum during the predawn period and a
maximum near local noon. However, the day to day variability in TEC is very large.
Because of the rapid time changes seen in the enhancements of TEC which occur throughout
the day, but are particularly large in the evening and pre-midnight hours, it is tempting
to say that those enhancements are due either to direct auroral precipitation or to
motion of plasma into the ray path of the GPS satellite being received at the time. If
we assume that the enhancements in TEC add directly to the direct solar produced TEC,
which should be small in the winter polar cap ionosphere, we can then consider that the
direct solar produced TEC is represented approximately by the minima of the curves shown
in figure 3. The enhancements above our assumed level of solar produced ionization then ''. .

are truly large. For instance, he enhancements in TEC which occur near 21 hours U.T.,.!'
which range up to 24 x I O el/in represent at least a several hundred percent increase,
or approximately 21 x 1016 el/ 2 , above the minimum value of TEC for 21 hours. For com-
parison purposes the dirunal maximum values of equivalent vertical TEC measured at Hamilton,
MA (42.6 0 N.) did not exceed 22 x 1016 el/m 2 at any time during this same 8 day period.

8 Basu, et. al., (1983) using a reasonable value for the flux into the auroral region
stiwated an order of magnitude time of 700 seconds necessary to increase TEC by 10?7

e1/m . We therefore cannot immediately rule out direct production from particle precipi-
tation in all cases, as many of our observed increases in TEC occur over that approximate
time interval. However, all-sky images of 6300A emission made by 9Weber, et. al.
(1984) and by 1 °Buchau, et. al. (1983) have shown that large scale patches of plasma drift
in the anti-sunward direction across the polar cap during magnetically disturbed periods.

If we assume that the ten minute periodic TEC enhancements are not locally produced,
but drift through our ray path with a velocity of from 250 to 700 m/sec, typical of the
velocities seen by 1 Buchau, et. al., (1983) In the polar cap during disturbed periods,
then we obtain scale sizes for these TEC enhancements between 150 to over 400 km. These
enhancements are certainly large enough to be seen as individual patches with the resolu-
tion of all-sky optical imaging systems. 9 Weber, et. al., (1984) reported on large scale
plasma patches of size 800-1000 km in horizontal extent drifting in the anti-sunward
direction in the polar cap during a moderately disturbed period.

The phase scintillation illustrated in figure 6, is referenced to a standard fre-
quency of I GHz, which we propose should be a standard frequency for researchers to
reference their phase scintillation results. When we compare our phase scintillation
results obtained in the polar cap with those of 8 Basu, et. al., (1983), taken looking
through the southern edge of the auroral region from Goose Bay, Labrador using similiar
detrend Intervals, we find good agreement. They showed phase fluctuations of a few
radians, referenced to 1 GHz, in general agreement with our results.

The periods of enhanced phase scintillation we observed with the longer detrend
times did not generally agree with observations of weak amplitude scintillation in indivi-
dual cases, or with the times of individual TEC enhancements. There was general overall
agreement, however, between the overall occurrence of enhanced phase scintillation and
observable amplitude scintillation during the periods when the TEC was showing large 4
variability.

-F



2.2-7

CONCLUSIONS

Signals from the GPS satellites have been used to make the first absolute TEC and
L-band amplitude and phase scintillation measurements of the polar cap ionosphere. TEC
enhancements from the assumed solar controlled TEC background were very large and were
likely due to ionization produced elsewhere and convected over the polar cap. Amplitude
scintillation generally occurs during periods of TEC enhancements with a preference for
scintillation to occur on the negative gradients of the large TEC enhancements. Iono- .. -
spheric measurements using the dual frequency carrier and modulation transmissions of the
GPS satellites can be used to greatly improve our understanding of the physical processes %
which govern transionospheric propagation in the polar cap ionosphere.
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DISCUSSION

R.A.Greenwald, US
What is the short wavelength resolution of the TEC measurements (small scale size)? Why aren't these measurements of
the same structures as the longer wavelength structures measured with the scintillation technique? ,

Author's Reply
With the combination of both amplitude and phase scintillation we can measure irregularity scale sizes from a few V,

hundred metres to several hundreds of kilometres.

EJ.Fremouw, US
The fact that you observe intensity scintillation predominantly on the trailing edge of the TEC features is just what one . ,

would expect from the ExB instability. The fact that it is better correlated with the TEC structure than is phase
scintillation is interesting in view of recent NRL suggestions of an outerscale cutoff for ExB in the presence of finite
layer thickness. I think this is a point worth pursuing.

Author's Reply AVIV
Our initial result is preliminary as it is based upon a very limited data set. We, of course, intend to pursue this work
further.

C.L.Rino, US
Dr Fremouw made a comment regarding a long wavelength cutoff of the ExB instability that would restrict growth
above I km based on NRL theory. The cutoff is well known, but it remains very uncertain what its precise nature or
impact is. r.

Author's Reply
One of the major advantages of using signals from the GPS satellites is that we can make simultaneous measurements of
amplitude and phase scintillations using relatively slowly moving satellites, thereby observing irregularities covering a .- *.

wide range of wavelengths.

A.Rodger, UK - -,'
There is obviously a strong diurnal variation in the occurrence of the 300 km scale size irregularities. Is this consistent .

with a source mechanism in the cusp when Thule is effectively downstream from the cusp?

Author's Reply
We believe the source of the large TEC enhancements is the mid-day midlatitude ionosphere with resulting convection p.-.,.-

reaching the polar cap in the pre-midnight time sector. ,..-.

,.-,. ... .- ,-
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VARIABILITY OF TRANSIONOSPHERIC SIGNAL TIME DELAY
AT HIGH LATITUDES NEAR SOLAR MINIMUM

HAIM SOICHER
CENTER FOR COMMUNICATIONS SYSTEMS

US ARMY COMMUNICATIONS-ELECTRONICS COMMAND
FORT MONMOUTH, NEW JERSEY 07703-5000 .

APSTRACT
Faraday observations were conducted at Anchorage, Alaska (61.04

0
N, 149.75°W)

utilizing beacon transmissions from a geostationary satellite during the period just
following the minimum phase of solar cycle 21.

Average maximum monthly values of total electron content JWEC), w~ich is proportional
to transionospheric signal time delay, werelgelow i x 10 el m , while individual".
daily maximum values never exceeded 20 x 10 el m- . Seasonal and day-to-day
variabilities were observed. * .

Unique representation of the data has permitted the study of day-to-day variability
of TEC. For example, during all seasons the TEC structure appears uniform from day
to day during the buildup and decay phases of the local ionosphere. During the
maximum and minimum of the diurnal phase, the TEC structure variability is seasonally
dependent.

During periods of magnetic sudden commencements, which rarely occurred in the Ie .. ,e
observations period, significant positive phase response of TEC did not materialize. A

INTRODUCTION

The transit time of a transionspheric signal from a satellite to a ground observer is
S Sf

t= ds = 1 n ds (1)
0 v- 0

where ds is an elemen? of distance along the signal's path, v is the group velocity
of the signal, n is the group refractive index, c is the spe~d of light, and 0 and S
are the observer nd satellite positions, respectively. In the high-frequency
approximation, the group refractive index is

ng = 1 + 40.3N (2)
f2

where N is the electron density per meter cubed, and f is the operating frequency in
hertz. Equation (1) becomes

t = ds + 40.3 j'Nds (3)c 0 0 .. ,
The first term in (3) represents the transit time of the signal in free space,
whereas the second term represents the excess time-delay of the signal along the - -

path. The excess time-delay is directly proportional to the total electron content
(TEC) along the signal path and is inversely proportional to the frequency squared.

The Faraday polarization rotation technique has been used to obtain TEC data. A
plane polarized wave propagating in the anisotropic ionosphere may be regarded as the
vector sum of the ordinary and extraordinary magnetoionic components. Since the two
components travel at different phase velocities, the plane of the polarization
rotates continuously along the signal's path. The total rotation from a satellite
signal source to observer is directly proportional to TEC. Faraday rotation is a
terrestrial-magnetic-field dependent phenomenon. Since its magnitude is heavily

K weighted near the earth, it is considered to provide electron content values at
altitudes below .1500 km' Signal excess time delay at higher altitudes is due to
free electrons in the plasmasphere. Plasmaspheric delays have been measured to be
l15% of the ionospheric time delays (Soicher, 1977).

Faraday rotation observations were conducted at Anchorage (61.04°N, 149.75°W), e
using the signal of a geostationary satellite located at 96 W. The geographic
subionspheric point (i.e. the coordinates of the point at wh ch the s~gnal path
intersects a mean ionospheric altitude of 420 km) is at 52.5 N, 135.5 W. The
ionospheric characteristics observed are considered to be those of which are
prevalent at the subionospheric point rather than those at the location of the
receiving apparatus. The beacon frequency of the satellite was 136.38 MHz.

The receiving equipment was composed of an electronically rotated polarimeter
which compares the left and right circular polarization components of the incident
linear polarization on an eight element crossed yagi antenna (Hicks, 1972). The
recording of the polarimeter output is done in analog form on a chart recorder. The
conversion of polarization rotation to total electron content (TEC) is accomplished
by standard procedures, at 15 minute intervals, taking into account the initial
polarization transmission at the satellite source and antenna polarization
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calibration (Klobuchar, 1966).

The transmission from the satellite is continuous except for an occasional shut
off of the satellite for power conservation purposes. Occasional fast polarization
fluctuations, generally produced by irregularities in an environment of high ambient. . -..,
ionization (Lee et al, 1992), do not allow polarization tracking and hence cause data
gaps. low

TEC Structure %

The superposed diurnal variation of TEC grouped in monthly intervals for the "U
seasonally representative months of October, December 1976 and April, August 1977,
are shown in Figures I (a,b,c,d) and 2 (a,b,c,d). The smoothed observed sunspot %€i'.
numbers were 13, 15, 22, 33 respectively, which were near the minimum of sunspot
cycle 21 (12) which occurred in March 1976.l6 The TEC values are normalized tI 6 the
vertical direction, and have the unit of 10 electrons m (a TEC unit = 10
electrons m ). As is well known, the data exhibit diurnal, day-to-day and seasonal
variability. Figure 3 (a,b,c,d) shows the variation of the monthly average of TEC
(upper curves), and the standard deviation of TEC about the monthly average (lower r''
curves) as a function of time for the four months.

The low solar cycle epoch and the northern geographic location of the
subionospheric point are exhibited by the rather low absolute values of the TEC for A .
all reported months. The TEC never exceeded 20 TEC units, and average monthly values m
of TEC were always below 15 TEC units. As is well known, the data exhibit diurnal . -
day-to-day and seasonal variability,. The seasonal variation is exhibited by the
time length cf the post-sunset to dawn minimum TEC values indicating no illumination,
and by the progressively lower average day values of the Spring (April), Summer
(August), Autumn (October) and Winter (December) TEC, respectively.

the low winter values are possibly related to the mid-latitude trough; the
differences, however, were quite small ( 1 to 3 TEC units). This is in contrast to
TEC values at midlatitudes (Fort Monmouth, NJ) near solar minimum where summer TEC
was higher than winter TEC and both were higher than TEC during the equinoctial
periods. No seasonal variability of the day-to-day changes is exhibited by the
comparable values of the standard deviation to the average TEC values as a function
of time. Such ratios are plotted in Figure 4 (a,b,c,d) for the various months. For
the most part, the ratio is below v25% during the daytime for all reported months.
During darkness, the ratio may exceed 25% and often exhibits variable periodic
behavior. The daytime observations of the ratio agree with those at other locations
and other times (Soicher and Gorman 1980, 1985; Soicher et al 1982, 1984).

A complementary method of assessing the day-to-day variability of TEC is to plot
iso- .2 contours as a function of day-of-month and diurnal time. Such plots for the
reported months are shown in figuies 5 through 8. The values of the intervals of the .N
TEC contours are of the order of t0e standard deviations, so as to eliminate the
appearance of normal day-to-day undulations (e.g. those due to travelling ionospheric
disturbances) in these plots.

The following day-to-day features may be ascertained form the figures. For the
winter data the iso-TEC contours appear to vary little throughout the month during
the buildup (17-1911T) and final decay (02-04UTI phases of the diurnal variation.
During the maximum phase of the diurnal variation enhanced TEC is normally maintained
for a number of consecutive days. Similarly, during the predawn phase depressed TEC
values are normally maintained for a number of consecutive days.

The increase in the nighttime TEC on 29 December followed by depressed values on
30 December may be associated with TEC positive phase response to sudden commencement
(SC) which occurred on 28 December at 20:36 UT. No such response during daytime is
observed, although enhanced values are observed on 30 December.

For the spring data the iso-TEC contours appear to vary little throughout the
month during the buildup (I -17UT) and final decay (06-0BUT) phases of the diurnal
variation. During the maximum phase of the diurnal variation enhanced TEC may be
maintained for a number of consecutive days. Similarly, during the predawn phase,
depressed TEC values ire normally maintained for a number of consecutive days. The
low TEC values during the predawn period on 20 April may be due to SC at 01:06 on the
19 April. The 6-7 April period was magnetically disturbed, and this is exhibited by
the vsr~ability of content during toe maximum phase of the diurnal variation..#

During the summer ittle variation of the iso-TEC contours is observed during the
decay and buildup phas,-s of the diurnal variation. TEC enhancements/depressions
during the day/niqht periods normally extend over few consecutive days. One day
enhancements/depressions which do occur are not correlated with magnetic sudden
commencement.

During the Autumn little variation of the iso-TEC contours is observed during
final decay and sunrise period of the diurnal variation. Enhancements/depressions of
TEC during maximum/minimum phases of the diurnal variation normally occur for a
number of consecuti.e days. One day enhancements/depressions of TEC are not
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associated with magnetic activity.

CONCLUSIONS

The behavior of TEC at a high latitude location during a period near the minimum
phase of the current solar cycle is presented. Seasonal and day-to-day variabilities
are observed.

The seasonal variability is seen in the magnitude of the absolute values of TEC
maximizing in the spring minimizing in the winter (possibly due to the mid-latitude
trough) and bei- somewhere in between for the summer and autumn. Although absolute
differences of ire small for the various seasons, these results are in contrast
to midlatitude TEC behavior during similar periods. For all seasons the day-to-day
behavior of TEC appears uniform during the buildup and decay phases of the diurnal
variation, although for the fall period the former is more confined to the sunrise
period. TEC enhancements/depressions during maximum/minimum phases of the diurnal
variation are maintained for a few consecutive days during all seasons, but single
day enhancements/depressions are often observed. TEC enhancements during the
nighttime periods in winter may be associated with positive response to sudden4
commencement. Similarly, TEC depressions on following nights in winter may be F
associated with storm behavior of TEC. No daytime TEC response, either positive or
negative has been observed. During the other months magnetic activity was rather
subdued. However, no single day enhancement/depression of TEC appears correlated
with magnetic activity.

The ratio of standard deviation to average TEC is a good indicatrr for day-to-day
variability. For the winter and summer periods the ratio, during the day, is
normally 425%. The nighttime ratio is significantly higher, and it often undulates
with variable periods. Since day-to-day variability is A most difficult quantity to
predict, the results, which describe day-to-day patterns of behavior, have important
implications to prediction improvements.
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FIGURES

1. Superposed diurnal variations of total electron content (TEC) in Anchorage,
Alaska for a. October 197t b. De5ember 1976; c. April 1977; d. August 1977.
Ordinate: 1 TEC unit - 10 el m ; Abscissa: time in UT. ,'4

2. Diurnal variation of total electron content (TEC) in Anchorage, Alaska as a ...function of day of month for: a. October 1976, b. December )976, c. April 1977, d.

August 1977.

3. Monthly average variation of total electron content (TEC) - upper curves, and the
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standard deviation of TEC about the monthly average - lover curves, in Anchorage,
Alaska for: a. October 1976; b. December 1976; c. April 1977; d. August 1977.

4. The diurnal variation of the ratio (in percent) of the monthly standard deviation
of TEC to the average TEC in Anchorage, Alaska for: a. October 1976; b. December
1976; c. April 1977; d. August 1977.

5. Iso-TEC contours as a function of day of month and time in UT at Anchorage,
Alaska for October 1976.

6. Same as Figure 5 but for December 1976.

7.Same as Figure 5 but for April 1977.

8. Same as Figure 5 but for August 1977.

.-.
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F LAYER IRREGULARITIES AT PLASMAPAUSE AND AURORAL LATITUDES
by

Jules Aarons
Department of Astronomy

Boston University
Boston, MA 02215

SUMMARY

Distinctive effects of two irregularity regions, one at plasmapause latitudes and the second in the
auroral region, were explored using primarily radio scintillation data. Using scintillation measurements at
times numbering seven to nine sensors within a relatively confined area, it is possible to document the
morphology of development of irregularities in the plasmapause and in the auroral region over a period of ,
time, a technique difficult with only low altitude satellite scintillation observations. Two cases of "irregularity
storms" one in the plasmapause and the second in the auroral oval are reported. ."

Over several years, various observers have recorded irregularities in the F layer at latitudes which i
were identified as the plasmapause region. During the stable auroral red arc of March 5/6, 1981, intense
irregularities were centered at plasmapause latitudes but levels tapered off in the same longitude sector at
auroral latitudes. Reported SAR measurements indicated no visible aurora until areas 4 L shells polewards. .,.

Low energy (- 8ev) electron precipitation has been reported within the region covered by the SAR arcs.
Higher temperatures have also been reported within the SAR arc, perhaps indicating a need to invoke the ... ,-.-;
temperature gradient drift instability as the source for the generation of irregularities. Scintillation of moder-
ate level is not uncommon for the plasmapause region. In March 1981 approximately 60% of the nights had
scintillation levels > 6 dB at 137 MHz lasting over one hour. Nor ,

At auroral latitudes on some nights patches of irregularities several hundred kilometers in longitude

will be relatively fixed over several hours. During one magnetic storm scintillation activity maximized along
a relatively fixed longitude. For some magnetic storms and sub-storms it is likely that once an irregularity
patch is formed, convection patterns may limit it to a narrow longitudinal region.

INTRODUCTION

Using available data from several sources a model of F layer irregularity intensity as shown by scin-
tillation observations was proposed by Aarons (1982) and is illustrated in Figure 1. Two features will be
discussed, one in the plasmapause region and the second in the auroral area.

In situ, spread F, and scintillation observations have identified irregularities in the plasmapause region,
equatorwards of the trough, with a moderate level of activity. These irregularities have a morphology differing "

from auroral irregularities. There are periods when high levels of scintillation activity are noted with low %. -
levels of magnetic activity (Bramley, 1974). The trough in this picture of midnight scintillation intensity is
a region of relatively low scintillation activity while the auroral oval is a region very sensitive to magnetic
activity (Aarons and Allen, 1971, Rino and Matthews, 1980) with irregularities spreading equatorwards with
increasing magnetic excursions. The auroral oval shows high levels of activity during years of low and high
solar activity but is subject to solar flux variations.

The concept of this study is to discuss two aspects of scintillation activity: .,

(1) Irregularities at plasmapause latitudes. This includes correlation of scintillation with stable ,& -
auroral red arcs as well as scintillation activity at these latitudes without observable SAR arcs.

(2) Auroral latitude scintillation activity confined at tihes to a longitudinal sector.

At Goose Bay, Labrador, Hanscom Air Force Base, Mass., and Sagamore Hill, Mass there is an on-
going program by the Air Force Geophysics Laboratory and the Air Weather Service of routinely measuring
scintillation and total electron content using available beacon satellites. The satellite transmissions of ATS-5
used in this paper measure total electron content studies by means of Faraday rotation and scintillation. In
addition from Goose Bay and Hanscom AFR, observations are made of a beacon satellite transmitting at
250 MHz. The observations are made to the Northeast and Northwest of each station. Angles of elevation
are high in the data utilized. Additional measurements include observations at 250 MHz of two FLTSAT
satellites from both Hanscom AFB and Goose Bay (each station observing a different FLTSAT satellite) and
of MARISAT from Goose Bay. The path intersections with the ionosphere at 350 km are shown in Figure 2.

% ,It should be noted that Corrected Geomagnetic Latitude ionospheric intersections of synchronous satellites
"" such as MARISAT and FLTSAT differ considerably in observations from Goose Bay. -"
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A. STABLE AURORAL RED ARCS

Stable auroral red arcs (SAR arcs) occurring in "middle lafitudes" have been associated with F layer
irregularities by utilizing several measurement techniques. Basu (1974) established that during the post-main ~
phase of several magnetic storms scintillation activity was observed during the appearance of SAR arcs.
Without referring to-SAR arcs. Clark and Raitt (1976) found with the total ion current probe on ESRO-4,
irregularities extending to almost 40 ' geomagnetic latitude in a distinct sub-auroral feature peaking near 550
geomagnetic latitude and separated from the high latitude zone. Rodger (1984) found in a study of conjugate %

ionograms two distinct regions where considerable spread F was observed. One was the region where SAR
arcs occur and the second begins at the poleward edge of the mid-latitude trough. His data set consisted of
conjugate point measurements of F layer irregularities for an SAR arc reported for October 20-21, 1981 with
the signature then extended to other data. Basu (1978) reporting primarily on OGO-6 data, established the
existance of small scale irregularities in the region L=2-4; these were observed during moderate geomagnetic
activity as well as during very quiet periods. .' ',

The use of the DE satellites using multi-energy sensors as well as optical observations has lead to the
identification of the low energy electrons of 8 ev as the source for the production of heated SAR arcs rather
than either higher energy electrons or ions (Gurgiolo et al., 1982).

We shall attempt to map irregularity levels as recorded by scintillation observations over a region for "
a dramatic SAR arc i.e. that of March 5-6, 1981. The data of Watanabe and Kim (1982) indicated the arc
was unique in that (1) the arc was the most intense observed during the past twelve years at Albany, N.Y.

and (2) a visible aurora was not sighted during the observation period. The arc occurred in the aftermath of ", p

the magnetic storm of March 4-5. Slater and Kleckner (1981j also recorded the arc with maximum emission
at L=2.8. They found the SAR arc with an extremely pronounced separation from the aurora of 4 L shells.
The SAR arc extent, as mapped by Slater and Kleckner (1981) is noted in Figure 2.

Magnetograms from the AFGL magnetometer network (D. Knecht, private communication, 1984) are
shown in Figure 3 with the magnetic storm clearly observed on the night of March 4-5 and the relatively
quiet period following on the night of March 5-6.

The scintillation data used on in this paper differs from that of Basu (1974) in that a large series of
ground observations are available intersecting latitudes ranging from 520 CGL to 71' CGL thus encompassing ; V'.
the auroral oval as well as the plasmapause latitudes.

B. MARCH 5-6, 1981 SAR ARC AND RECOVERY PHASE OF MAGNETIC STORM

1. Lower Latitude Observations, .

Figure 4 contains plots of the optical and radio observations of the night of March 5-6. The 6300 A .'.e

data was taken from Figure 1 of Watanabe and Kim (1982). The 137 MHz recordings shown in Figure 4
show saturation of fading (and therefore a flat top) but with maximum activity during the peak intensity of
the SAR arc; the 250 MHz scintillations from FLTSAT records peak at about the same time as the optical
amplitudes. All three parameters shown in Figure 4 maximize during the period 0200-0515 UT. A subsequent
decrease is clearly shown in the FLTSAT data. Irregularity intensity and 6300 A emission are correlated in
this region.

-* 2. High Latitude Observations

The observations from Goose Bay are plotted in Figure 5; they indicate higher levels of activity before
the detection of the SAR arc. From the beacon satellite records taken at Goose Bay, observing at times to
the northeast (66' CGL) and at other times to the northwest (690 CGL), it is seen in Figure 5 that peak
scintillation activity occurred earlier in the region of these geomagnetic latitudes and had essentially been %

considerably reduced by 0300 UT, the pehk of the SAR arc optical intensity. However the scintillations while
reduced were still observable on the 250 MHz records; the 137 MHz records of an intersection of 620 showed
moderate to high levels. The indications from the high latitude data set are that irregularities were extant in
the auroral region, although at a reduced level from recordings taken during magnetic storms.

We shall not discuss Goose Bay Faraday rotation records of ATS-5 (supplied by J.A. Klobuchar) except ' ,
to note there are total electron content variations with periods of several minutes which are observed at high .'

latitudes during magnetic disturbances but which were absent during the magnetically quiet period of the
SAR arc event.

A" °o.

..A,. .
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C. MAGNETIC ACTIVITY AND SCINTILLATIONS OF ATS-5 AT 530 CGL AND 610 CGL
IN MARCH 1981

Indications are that plasmapause irregularity generation at L values of 2.8 are frequent during this year
of high solar flux. As the DE data indicated (Curgiolo et al.. 1982) the low energy particle flux events similar
to those which take place during SAR arcs are not unique. Neither are the strong scintillation events at
the latitude of 530 CGL. In order to determine the occurrence pattern of scintillation activity, the Sagamore -
Hill data set of ATS-5 of March, 1981 was examined. During this month 60% of the nights showed strong -

scintillation (> 6 dB) at 137 MHz lasting one hour or longer.

In a comparison with the observations of J.S. Kim (personal communication) at the State University -j,
of New York at Albany it was found that on three nights in March, 1981 with good seeing there were high
scintillation levels with no SAR arc or visible auroral present. High scintillation levels on these nights lasted
from three to five hours.

D. MAPPING STUDIES: ACTIVITY DURING THE PERIOD OCTOBER 14-16, 1980

Using a multiplicity of sensors it is possible to plot the extent and level of scintillation activity over
a relatively large area (the coverage shown in Figure 2). Putting together scintillation intensities at 250 ;. -
MHz and suitably reducing the 137 MHz dB excursions according to previous studies (Whitney et al., 1972)
allows the plotting of scintillation activity over the region contiguous to the path intersections of Goose Bay,
Hanscom AFB, and Sagamore Hill with the satellites. Over a relatively short period of time in October 1980
several patterns of scintillation activity over the auroral and subauroral regions were exhibited. We illustrate
intense activity primarily centered along a longitudinal corridor. In addition the reaction of irregularities to
a moderate magnetic storm (on October 14-15) could be clearly noted. K indices are indicated in Figure 6.

1. The Night of October 13-14, 1980: Magnetically Quiet Period

The night of October 13-14 was magnetically quiet. At high auroral latitudes there was the usual
scintillation activity which takes plave even under quiet magnetic conditions. A photograph of Goose Bay
records is shown in Figure 7 with .he beacon satellite activity high in the northwest (at 69 CGL) and
low in the northeast (66' CGL). MARISAT scintillations were moderate (- 10 dB), middle trace, and the
bottom trace (FLTSAT records) showed less than 1 dB of scintillation. The levels of activity are typical of
magnetically quiet nights.

For the entire period we have graphed 15 minute scintillation indices (Figure 8) for the Goose Bay
data. For the 00-06 UT time period on October 14, FLTSAT indices were low. MARISAT scintillations were
high until 0330 UT. Scintillation levels of FLTSAT and MARISAT similar to those of Figure 7 essentially
continued through the night.

Similar sets of data were obtained from observations in the Boston area and are used to plot the next I$.
_" series of diagrams.

2. The Night of October 14-15: Magnetic Storm

In contrast to the data for October 13-14, on the next night, October 14-15, with a moderate magaetic
storm in progress, FLTSAT scintillations were high while those from MARISAT were low (Figure 10) even

before the magnetic storm. The beacon satellite scintillations were high again in this time period near local

midnight.

The Hanscom FLTSAT observations showed relatively high activity from 04-08 UT, October 15, indi- "' -'.
cating activity along this longitudinal sector. (It should be noted that Goose Bay and Hanscom view different
FLTSAT satellites both at approximately the same frequency.)

Local Kp of 2 was noted at Goose Bay until the 0300-0600 UT time period, indicating the storm did
not reach its maximum activity until after 0300. The local K index was 4 for the next 6 hours. From the
point of view of scintillation activity the storm built up gradually and was in its initial phase at 0500 UT on .,

October 15 in the Goose Bay, Labrador area. It is possible to graph scintillation activity before the moderate , . \. "

magnetic storm as well as after. In order to determine instantaneous intensities over a large area we have
plotted with varying degrees of shading, the scintillation levels through individual paths from the observing ¢-"*.
sites.
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During limited time periods it is possible to utilize the maximum number of sensors (in this case 9)
and to obtain scintillations over the area shown in the maps. It was possible to do so for the time period r N.
around 2400 UT within plus or minus one hour. Figure 10 utilizes extrapolation and interpolation of data
to obtain a real time map. The data are consistent and show an intensification within a longitudinal sector
beginning at 2400 UT and (as will be shown) intensifying later in the night. k

The contours of equal irregularity intensity for this night are dramatically skewed towards greater
activity in the western portion of the area probed. At 2400 UT the local standard time for Goose Bay was
2000 and for Hanscom 1900. The intense scintillation activity took place in the N-S corridor encompassing
Hanscom. This remained through the night as will be shown in later figures.

As the magnetic storm progressed higher levels of scintillation activity could be noted (Figure 11a,
0200 UT, Figure lfb, 0400 UT, and Figure lic, 0600 UT). Even this moderate magnetic storm showed high :'..
levels of scintillation activity.

The pattern for the night of October 14-15 is for scintillation activity to appear in the auroral oval "-
but with an intensive "finger" along a narrow longitude range, in this case encompassing the MARISAT and - -'-'

beacon satellite paths.

3. The Night of October 15-16, 1980: Recovery Phase

The next night, October 15-16, was magnetically quiet with a Goose Bay K index of 2 for the time
period studied. Figure 12, a contour map, was developed for 2400 UT. Equal scintillation values are lower e, 4 .
than those noted in Figure 11 and contours fall along lines of corrected geomagnetic latitude.

DISCUSSION .

1. Plasmapause Latitudes -

The data indicate that (1) During the post recovery period, the plasmapause associated SAR arc was .

accompanied by F layer irregularities at these latitudes with little association with higher latitude irregulari-
ties. (2) During other days when SAR arcs are not observed irregularities are noted at plasmapause latitudes;
electron precipitation may have existed at the plasmapause latitudes but not of the level to produce SAR
arcs.

In a series of papers on observations with the Chatanika radar (such as Muldrew and Vickrey, 1982)
it has been found that boundary blobs or regions of increased electron density from 200 km to 600 km in
altitude are the source of some irregularities in the auroral region. The blobs as observed from Chatanika,
Alaska are in the CGL range from 61' - 710. However the latitudes at which irregularities are noted in this
series of observations are of the order of 520 - 570 CGL. The boundary blobs appear therefore to be associated
with the auroral oval and not with plasmapause electron density rariations.

The question arises to how the plasmapause irregularities fit into the total picture of F layer irregu-
larities. From Gurgiolo et al. (1982) it is clear that during SAR arcs and during'times when SAR arcs were
not visible to either ground or satellite observations, 8 ev precipitation regions were noted at plasmapause
latitudes.

During SAR arcs, temperature enhancement has been noted (Watanable and Kim,1984). The indi-
cations are that the precipitation of low energy electrons leads to temperature enhancements which develop
instability processes that in turn produce the irregularities. Watanabe and Kim (1984) show the enhancement
of temperatures of the order of 100 - 200' K for intense SAR arcs, temperature enhancements which were . -
maintained even when the intensity of the arc decreased. This indicated that the time constant for energy ,.
loss is large. Various mechanisms have been suggested. Gradient drift instability can be operative (Hudson " "
and Kelley, 1976). In enhancements of electron gas temperatures of a few hundred degrees Kelvin by high
power high frequency transmissions, artificially created field aligned irregularities have been created in the . ? '

F layer: other instability mechanisms have been invoked (Perkins. 1974). Temperature enhancements which
would produce instabilities are also addressed by Lee (1984).

During periods when SAR arcs are not visible. irregularities appear at plasmapause latitudes; it is not
clear at this time if temperature enhancements or precipitation is observed during these times although Basu
(1978) found that the irregularities recorded by the OGO-6 instruments were not associated with appreciable --
temperature enhancements. Z
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2. Auroral Oval Scintillations

The irregularity intensity at auroral latitudes increases dramatically during magnetic activity as has
been shown by Aarons and Allen (1971) and Rino and Matthews (1980). The magnetic storm irregularities
were produced in all likelihood by precipitation as has been shown by Basu et al. (1983). The magnetic storm
effects spread equatorwards from the auroral oval as shown by Aarons (1976).

As pointed out by Kelley and Vickrey (1982) the observed irregularities are the result of precipitation
and instability processes. However their extended lifetimes mean that long lived regions are convected as
has been shown by Weber et al. (1984). In the case of the October 14-15, 1980 magnetic storm the con-
vection appears to be confined to a particular longitude region and therefore to a poleward or equatorward
convection. The hypothesis is that in some magnetic storms the convection carries the long lived irregularity
patches equatorwards or polewards producing the confined longitudinal region. Many phenomena such as
plasma injection during moderate geomagnetic activity (Arnoldy and Moore, 1983) show relatively narrow
longitudinal spread. This coupled with convection patterns for the irregularities may explain the confinement

-. of the activity.
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1. A model of scintillation activity proposed for the high latitudes by Aarons (1982). A moderate level of
irregularity intensity is noted in the plasmapause region, a lower level in the trough and high levels for the ,*~4.

auroral oval. The oval shows great sensitivity to local magnetic effects.
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2. A map of sensors operating in the high latitude region near Goose Bay and the Boston area in the period
of the study. The extent of the SAR arc of March 5/6, 1981 is also shown from the Slater and Klockner
(1981) data. In all likelihood all the longitudes covered by the map were encompassed by the width of the.
SAR arc area illustrated.
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LOWER LATITUDE DATA
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4. Plots of low latitude scintillation index, data taken in the Boston area, bottom traces, and intensity of
6300 A (Watanabe and Kim, 1982)'4

GOOSE BAY OBSERVATIONS

SAR ARC
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MARCH 5,6 1981

S. Plots of high latitude scintillation data

Top: Scintillation in dB of the beacon satellite transmissions at 250 MHz with intersections of 69' to ~
the Northwest of Goose Bay and 66' to the Northeast.

Middle: Scintillation activity of FLTSAT as observed from Goose Bay.

Bottom: Scintillation levels of ATS-5 at 137 MHz. Scintillations showed slow fading characteristics of
* magnetically quiet nights.
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6. Magnetic indices for the October 1980 period analyzed encompassing, the moderate magnetic storm of
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8. 15 minute indices in dB are graphed for the Goose Bay data. One can note the high indices thru the night
October 13-14 on the MARISAT path and low indices on the FLTSAT path. The reverse is true for t: e
night of October 14-15.
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9. October 15i 0420: Recordings show high scintillation levels on FLTSAT and very low levels for MAR ISAT-
during this period of the development of the magnetic storm. Figure 9 can be contrasted to Figure 7 which
had high scintillation activity for MARISAT and low activity for FLTSAT. LST at Goose Bay is 0020. -::
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DISCUSSION

N.C.Gerson, US
Would you be willing to extrapolate your results to practical systems? Would not spaced antennas in diversity reception
remove many of the scintillation problems affecting a practical system?

Author's Reply
Space and time diversity would definitely improve the scintillation problem - at the loss of some system capability and
at the expense of inserting new modulation or receiver equipment into functioning systems.

EJ.Fremouw, US
You mentioned a correlation between plasmapause scintillation and SAR arcs and also that such scintillation does
occur with the arcs. Do the arcs occur without scintillation?

Author's Reply
In two examples I have found scintillation absent when SAR arcs were present. However in one case the arc was not
present near the intersection of the propagation path to the satellite. In the second case I have been unable to examine
the SAR arc data in detail. - -

E.V.Thrane, NO
Have you done spectral analysis of the scintillations associated with the SAR arcs. and what can be learned from such
studies of the generation mechanism for the irregularities?

Author's Reply -'

Spectral analysis has not been done on these fluctations in signal level. Their relatively long period (compared to - ..-
auroral scintillations) may help reveal the mechanism involved.
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INFLUENCE OF IONOSPHERIC IRREGULARITY SHAPE AND VELOCITY ON THE DESIGN OF AIRBORNE %

SATELLITE COMMUNICATIONS SYSTEMS

ALLEN L. JOHNSON
AVIONICS LABORATORY (AFWAL/AAAI)
WRIGHT-PATTERSON AFB, OHIO 45406

a.SUMMARY 01
Extensive ground and airborne UHF ionospheric scintillation measurements were

conducted in the polar region during the peak of the current solar cycle. Using three

spaced antennas the speed and direction of the irregularity drift was obtained from

cross-correlation plots. Measurement taken during 1980 at Thule, Greenland;

Sondrestrom, Greenland, and Goosebay, Labrador showed velocities of up to 1000 meters

per second. A diurnal pattern of rapid direction changes provided information on the

two cell polar circulation of the irregularities from the noon sector of the auroral

oval over the polar cap to the midnight section and back around the oval to the noon

section. Airborne ionospheric scintillation fading measurements conducted near Goosebay

were compared with simultaneous ground measurements to investigate the ionospheric

irregularity shape. Polar ionospheric scintillation fading measurement indicates that

special care is required in the design of airborne satellite communications systems

intended for polar operation. The fading rate, depth, and duration dictate some form of

coding and interleaving to redistribute the burst errors in a random manner so they can

be corrected by a forward error correction decoding technique. The paper describes . -

applicable coding techniques, interleaving length, modulation schemes, and message "

length to provide an airborne satellite communication system protection against polar

ionospheric scintillation fading.

INTRODUCTION
Studies on the effects of the polar ionosphere on earth-to-satellite communications

have been underway for over 15 years (Aarons, 1970; Aarons et al, 1976). Ground and

airborne measurements in Greenland, Canada, and Alaska have studied the influence of

solar flux, magnetic index, time-of-day, and season on the occurrence and intensity of

ionospheric scintillation fading. These studies have shown the 250 MHz military UHF

Band can experience severe ionospheric scintillation with fading amplitudes greater than

25 dB. In the polar region the occurrence of scintillation seems to be most sensitive

to solar flux and season, while the auroral region exhibits a strong dependence on

time-of-day and magnetic index in addition to solar flux (Aarons et al, 1980-1).

The drift velocities of polar ionospheric irregularity have also been under study

for the past decade (Haerendel et al, 1967; Heppner, 1972; Reiff et al, 1978; Evans et

al, 1980). Due to the limited number of observation stations in the polar region, few

direct measurements of polar ionospheric drift have been reported until recently.

The shape and velocity of the ionospheric irregularities in the polar region will

affect the fade rate seen on the ground or by an airborne communications terminal.

Overcoming message errors caused by ionospheric scintillation fading requires judicious

choice of modulation, coding techniques, and message format.

DRIFT OF POLAR IRREGULARITIES

In the polar region ionospheric irregularity drift is much more complex than the

almost linear irregularity drift exhibited in the equatorial region. Polar all-sky

photometer 6300 A images usually showed sun aligned polar arcs of fade-producing

irregularities (Johnson et al, 1981). The arcs often drifted from dawn-to-dusk while

individual irregularities are moving rapidly in a perpendicular, noon-to-midnight

direction.

To evaluate polar irregularity drift an arrangement of three UHF antennas placed in

a triangle was used at Thule, Greenland; Sondrestrom, Greenland; and Goosebay, Labrador. __

By recording the signal amplitude received from a UHF polar satellite, individual

irregularity fades were identified at all three antennas at different times, Figure 1.
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IRREGULARITY SHAPE

To evaluate the shape of the ionospheric irregularities in the auroral region a

combined airborne/ground test was conducted at Goosebay, Labrador. Simultaneous
measurements of the fade rate on the ground and in the air provided a direct comparison
of the effect of the airborne velocity on the fade rate. These measurements were taken
over a two hour period while the aircraft flew eight headings, each 450 apart. The
ratios of the ground and airborne ionospheric scintillation fade rates given in Table I
are plotted in Figure 7 for each of the eight aircraft directions. Assuming the
irregularity velocity remained relatively constant during the two-hour measurement
period, the velocity was 200 meters-per-second from the north east.

These airborne measurements provide information on irregularity shape. Similar
tests done in the equatorial region where the ionospheric irregularities are extremely

elongated in the north-south direction provided a ratio of airborne to ground fade-rate * '4-.44%'' 4'"
versus direction shown by the solid line in Figure 8 (Aarons et al, 1980-2). By .

synchronizing the aircraft speed with the speed of the ionospheric irregularity it was
possible, in the equatorial region, to approximately zero out the fade rate (note fade
rate at 2700 and 1800). If on the other hand, the auroral irregularities had little or

no elongation, the ratio of the fade-rate would be almost independent of aircraft

direction, as indicated by the solid line in Figure 9. Comparison of the measured
fade-rate ratios with the elongated and circular models suggest that a small degree of
elongation does occur in the auroral irregularities in the direction perpendicular to

the irregularity velocity.
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Figure 9 COMPARISON OF AIRBORNE AND GROUND FADE RATE

Table 1 Comparison Of Airborne And Ground Fade Rates

1 April, 1980

Goosebay, Labrador

Time Gnd Fade Rate Abn Fade Rate Ground Speed Abn Fade Rate Heading Fade Ratio

UT fades/minute fades/minute Knots Normalized Degrees Abn/Gnd

(400 Kts)

1919-1924 137 75 407 74 2250 0.54 'e.

1929-1934 85 75 381 79 3600 0.93

1939-1944 67 60 384 63 1350 0.94

1949-1954 60 42 391 43 2700 0.72

2000-2005 64 95 393 97 0450 1.52 .

2012-2017 70 60 416 58 1800 0.83

2022-2027 76 60 378 64 3150 0.84

2034-2039 60 60 415 63 0900 1.05

CHOICE OF COMMUNICATION PARAMETERS

The design of an airborne satellite communications system to operate in the polar

region must consider the shape and velocity of the ionospheric irregularities in order

to minimize the detrimental effect of the ionospheric fading. Measurements have shown

that an airborne satellite communications system can expect fade rates which vary from

several fades-per-second to one fade-per-minute as depicted by Figure 10. However, due

to the high irregularity velocities usually experienced in the polar region and the



.d -

2.5-8

27 MARCH - 3 APRIL 1960

POLAR REGIOR

.....~ O{ E MII" SOS SATELLITE (250 MHZ)

. I 
,

- -.0 N.
' 

-' -- -

-20

.25.

25-7?

,. = .-.?0.-..o

0 - + 4 % - %-.

5-

:10 -~ rf,.A.-'

: 0 ... %..
.30-f

Figure 10 VARIATIONS IN SCINTILLATION FADING RATE "'-''-

-j7

small degree of irregularity elongation, rapid fading is more likely to occur than slow "' -"

*fading. In addition to the amplitude fading, severe phase variations can be expected in -'"-'."
the polar region, Figure 1.

*The modulation chosen for an airborne satellite communication system must be robust"""'" "

in order to minimize the phase and amplitude effects of polar fading. Calculations have ,"''"."
shown that phase modulation, such as BPSK, would experience an irreducible -

bit-error-rate due to the severe phase variations of the polar fading (Prettie, 1982).- -"'-

.~~~ .j , .... .

By contrast a frequency shift keyed modulation such as binary FSK or 8-Ary FSK is less .... -

sensitive to phase variations and exhibits a more robust behavior in the fading " ";%
environment. 0 - . ,.,

Some type of diversity should be employed in the communications system to alleviate :J
the burst errors caused by ionospheric fading. Fade depth changes very slowly with.

eo . . % . .

frequency, making frequency diversity impractical. Antenna diversity, in general,".-."."

requires antennas spaced hundreds of meters apart to get the necessary improvement. -"'--

While this may be acceptable for ground stations, it is not practical for an airborne . .-.- ''

te'rminal. Time diversity, such as coding and interleaving, appear to provide the most J I - ,

*practical solution for improving the performance of an airborne terminal. Most of the
time fade duration is a fraction of a second. Interleaving over several seconds cani~...,.il'•"
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successfully convert burst errors caused by the fading into random errors which can be

corrected by a f orward-error-correct ion decoder. Tests with 1/3 rate, 1/2 rate and 3/4. S

rate coding have shown that 1/2 rate or 3/4 rate coding is adequate to significantly

improve the error rate during most ionospheric scintillation. The 1/3 rate coding
provided only marginally better performance and reduces communications throughput rate.

An experimental satellite communications terminal was built using two-tone FSK with

four-second interleaving and a 3/4 rate feedback decoder. Error-free message reception

improved from 10 percent without coding/interleaving to 90 percent with coding/

interleaving during polar ionospheric scintillation fading. -

Another parameter available to the communications system designer is message

length. when operating through polar ionospheric scintillation, it is desirable to keep

the message length short, i.e. a few seconds. Under rapid fading conditions, the coding

and interleaving will correct the burst errors and provide error-free messages. Under

conditions of extremely slow fading, where the fade may last for several seconds, only
one or two of the short messages would be lost per minute and these can be corrected by

selective message repeating. Using longer messages might make it impossible to send a

complete, error-free message under conditions of slow ionospheric scintillation fading.

CONCLUSION

Fifteen years of measurements in the polar region have shown that ionospheric

scintillation fading can occur during all hours of the day and may at times last for .. *

several days. However, a satellite communications system which employs a robust
modulation (such as FSK) , proper coding and interleaving, and short message length can
provide a reliable communications link in the polar region between a satellite and

mobile terminals.
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PROPAGATION EFFECTS ON SATELLITE-BORNE

SYNTHETIC APERTURE RADARS

by

Charles L.Rino and Jacqueline Owen
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ABSTRACTK

Strong amplitude scintillation at frequencies above UHF is rarely observed on high-latitude transionospheric paths; ,
however, satellite-borne, L-band synthetic aperture radars (SARs), sich as the SEASAT-A SAR, synthesize apertures

%,.. approaching 20 km. In previous work (Rino and Gonzalez, 1983, AGARD Oberammergau Symposium) we showed that
moderate auroral-zone scintillation degrades the azimuthal SAR point spread function significantly, particularly the sidelobe
level. We concluded that this degradation could explain the contrast reduction that had been observed in some auroral zone
SAR images.

In more recent work, we have developed a numerical SAR simulator. The simulator can generate and process image
segments with full or partial corrections for range walk and quadratic phase-error correction. The simulations also include
the effects of coherent target speckle, which is important in assessing SAR image quality. Our results show that moderate
auroral-zone scintillation will degrade an image to about the same level as any undisturbed image processed with only partial
range-walk compensation. Thus, propagation effects are undoubtedly present in many of the SEASAT-A high-latitude
images, but the degradation is comparable to other distortions introduced in the processing itself. Phase error compensation
is effective, but amplitude scintillation is also important for larger disturbances.

We shall present these new results and discuss their ramifications for SAR imaging.

DISCUSSION

I.A.Klobuchar, US
Don't write off the high latitude ionospheric effects on SARs so quickly. Our GPS observations of S, max -0.2 are, by
no means, a "worst case" condition. Also, Dr Soicher's TEC data from Anchorage shows large phase changes under an
active aurora.

Author's Reply
I believe that S, indices greater than .2 at L band are very rare occurrences. In any case, at these levels the loss of
resolution in a SEASAT-A type system is on the order of a few hundred metres, which can be serious in some cases. -. '-,

S.Knowles, US
There are presently fairly routine very long baseline observations in the Arctic at Gilmore Creek (near Fairbanks) by
NASA. These have showed phase rotations of up to 180" at X-band within a few minutes. This type of phenomenon will
affect SAR images.

Author's Reply
This information should be integrated into the appropriate data base - and compared to scintillation measurements.

F.Christophe, FR
Could you comment on the feasibility of "self-coherence" techniques to compensate for those propagation effects'?

Author's Reply
Methods of phase compensation based on splitting the aperture into subapertures and cross correlating the
subapertures are being studied. I suspect that the improvement in severely degraded images will be limited, however.
Other schemes have been proposed but not, to my knowledge. tested.
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HIGH-LATITUDE SCINTILLATIONS USING

NNSS SATELLITES

L KERSLEY

University College of Wales

Aberystwyth, SY23 3BZ
UK.

SUMMARY %

The paper describes an experiment which has been established in Northern Sweden since September 1984
to monitor scintillations using transmissions from NNSS satellites. Designed for long-term nearly-unattended

*operation, with control and data handling based around a PDP 11/23 minicomputer, the equipment records and
processes data from more than 20 NNSS passes per day. Stored on magnetic tape for further study for each
20s segment of received signal after suitable detrending, are S4-indices for both frequencies, the r.m.s.
differential phase fluctuations, the differential phase rotation (differential doppler), together with
statistics of signal fading below selected thresholds and durations of individual fades. Determination
of satellite position in nearly-real time from the transmitted ephemeris parameters enables estimates of
effective ionospheric irregularity height to be made for high-elevation passes by means of the cross ____
correlation of signals received on two separated antennas.

A second mode of operation allows the raw data to be stored for subsequent analysis. This has been '

used successfully for coordinated special program experiments in conjunction with the EISCAT ionospheric
radar facility in the study of the physical processes responsible for the scintillation-producing
irregularities. .

In the present paper attention is focussed on selected early results of scintillation morphology
and the structure of the fading signal. Also presented are the first results from coordinated experiments
with EISCAT, where scintillation is shown to be associated with irregularities occurring in a region of
strong horizontal gradient in electron density in the ionospheric F-region.

INTRODUCTION

Radio waves traversing the ionosphere undergo spatial modulations in phase due to irregularities
present in the medium. The intensity and phase of the resultant signal received at the ground are subject
to random fluctuations, known as scintillations. The propagation aspects of radio-wave scintillations %

including both theoretical and experimental results have been reviewed by Yeh and Liu (1982). In addition,
the current knowledge of the morphology of ionospheric scintillations, based on studies of the monitoring
of radio beacons aboard satellites over two and a half decades has been reviewed by Aarons (1982). On a
global scale there are three zones of intense scintillation activity. One is in the post-sunset equatorial
ionosphere, while it is the others, at high latitudes in the vicinity of the auroral ovals, which are of
concern here. Studies of scintillation at high latitudes and European sector longitudes were made in the
early 1960's. However, the satellite sources then available were at frequencies such that the received .'a.
scintillations were subject to receiver saturation so that a full statistical description of the fading %
structure was not possible. With the development of digital signal processing and improved understanding r .
of scintillation mechanisms a further description of the fading signal can now be made. In the high- -.. .
latitude zone most of the interest in scintillation has been concentrated until recently on observations . -
around the 70oW longitude and in the Alaskan sector. More recently, with the advent of the EISCAT ionospheric
radar facility in northern Scandinavia attention has again become focussed on the European high-latitude
ionosphere.

This paper describes an experiment to study high-latitude scintillations, which involves the monitoring
of transmissions from the Navy Navigation Satellite System (NNSS) satellites at a site in northern Sweden.
Early results are presented, obtained from the analysis of some 2000 satellite passes recorded during
a three-month period, which illustrate the potential of the experiment both in its application to propagation ..
studies of the basic morphology and signal fading statistics of scintillation and also in increased under-
standing of the physical mechanisms responsible for the small-scale scintillation-producing ionospheric
irregularities themselves.

EXPERIMENT

The experiment aims to study the occurrence of high-latitude scintillations over northern Europe,
to obtain information on the effective height of the small-scale ionospheric irregularities responsible for
the scintillation, to yield statistics on the fading structure of the signals, and in conjunction with_"
coordinated observations with the EISCAT diagnostic ionospheric radar facility to investigate the conditions
responsible for the formation and growth of the scintillation-producing ionospheric irregularities.

The transionospheric signals used are transmissions from the NNSS satellites, a constellation of " '
usually 5 satellites in nearly-circular polar orbits at altitudes around 1000 km. The satellites, whose
primary function is for navigation purposes, transmit phase-coherent signals on 150 and 400 MHz, and so can
be used to monitor both amplitude and differential phase scintillations.

The receiver system used in the present experiment is based around a receiver originally designed for
use with the geostationary ATS-6 satellite. The modifications allow for search and acquisition of the
doppler-shifted 400 MHz transmission from an approaching NNSS satellite. Phase-locked-loop tracking of this
signal provides a phase reference to enable narrow band reception and tracking of the 150 MHz transmission.
Two 150 MHz receivers are used, fed from antennas separated by some 700m in the meridional sub-satellite
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track. The outputs from these receivers, in the form of quadrature components, together with the 400 MHz

s ignal amplitude are filtered, using active fourth-order Butterworth low-pass filters with cut-off at 23 Hz, ~,,
before being interfaced to the analogue to digital converter of a PDP 11/23 minicomputer. The sharp response p-
filter is necessary to eliminate noise from the signals arising from the transmission of ephemeris data as
a phase modulation on both carrier frequencies. A sampling rate of 50 Hz is used for the digitization of
the data, so that with satellite passes lasting up to 18 min, the resultant volume of data makes on-line
processing essential, with only reduced parameters which characterise the scintillation being retained for K -

subsequent analysis. The processor, with 128K bytes of memory and dual-disk drives, has two TU58 magnetic
tape cartridge devices for data storage, so that tapes containing reduced date can be forwarded to Aberystwyth .P
for further processing at approximately weekly intervals. A JMR-l navigation receiver is also interfaced to
the computer. This receiver decodes the modulation on the satellite transmissions to provide the ephemeris
parameters in digital form for the computer, allowing the satellite position to be calculated for any time.
The 150 MHz receivers are fed from discone antennas at the local and remote sites. The preamplifier, filter%
and r.f. amplifier/mixer for the second receiver are house,' at the remote site, with the local oscillator
frequency stepped down to about 17 MHz being fed along the 1km cable to be amplified and multiplied at the
remote site. The returning i.f. signal at 11.7MHz is also amplified before being brought to the main
receiver by means of a second coaxial cable.N

The control software allows acquisition of data when the main receiver and the JMR are locked to
the 400 MHz signal from the satellite, with special provision being made to handle the early part of the
pass before JMR ephemeris data reception is activated on an even two-minute marker on the satellite trans-
mission. Data processing cannot keep pace with the real-time collection of data, and in practice processing
can take up to some 30 min after the end of a pass. During processing the software inhibits the collection
of additional data from any new pass to which the receivers are locked. ~r

The on-line processing is carried out for 20s samplesof data. The quadrature components are
first converted to intensity and phase (differential phase for 150 MHz with respect to 400 MHz reduced to a
common frequency), and samples with a mean intensity above a defined threshold are analysed. The slow
trends are removed by means of a detrending filter. A third-order Butterworth low-pass filter with cut-off ,'.

at 0.2 Hz is used for this purpose. The trend is eliminated from the data by division in the case of
intensity (local and remote 150 MHz and 400 MHz) and by subtraction for the differential phase. The auto-
and cross-correlation functions are computed for both sets of data at 150 MHz and the effective height of
the irregularities responsible for the scintillation is calculated from the time delays. By restricting
attention to a carefully chosen set of overhead passes estimates of irregularity height can be obtained to
a reasonable accuracy for the conditions of the anticipated field-aligned irregularity configurations
(E.N. Bramley. private communication, 1984).

The scintillations on signal intensity are characterised by an S4-index defined as the normalised
variance of signal intensity, which is calculated for both local and remote signals at 150 MHz and for the
400 MHz signal, while the corresponding index for the phase fluctuations is a , the root mean square phase
deviation. For scintillation exceeding a predefined S4 level information on signal fading below certain
thresholds and the durations of individual fades is also recorded.

A sample computer print-out of some of the data acquired during a typical satellite pass and stored
on tape cassette for subsequent processing is shown in Fig.l. ,

In mid-September 1984 the equipment was installed at Kiruna in Northern Sweden (67.83N, 20.43E). At
the high-latitude site several of the polar-orbitting satellites may be above the horizon simultaneously,
however the narrow-band tracking receivers and the control software enable the automatic signal acquisition
system to make a random selection of satellite passes without contamination of the data from mutually inter-
fering signals from more than one satellite. In practice, data can be obtained for up to 30 satellite
passes per day with an average of 22 passes per day. The average pass duration is 14 minutes, giving 42
data samples each of 20s duration, while a single cassette contains stored data for an average of 126 passes.

RESULTS

(a) Morphology

Some examples of early results obtained from a preliminary analysis of data obtained during the first '

three months of operation of the experiment in Kiruna are presented here. In keeping with the aims of the
experiment the results fall into two categories, those related to applications aspects of transionospheric
radio-wave propagation like scintillation morphology and signal-fading structure and those concerned with the ~
study of the ionospheric irregularities including special investigations coordinated with observations using
the EISCAT ionospheric radar facility.

Examples of scintillation activity observed on successive satellite passes on the night of 19 September
1984 are shown in Fig.2. Plotted are S4 for 0SO MHz and co values as a function of satellite latitude. The
variable nature of the high-latitude irregularity occurrence can be seen from these examples. The first- -

pass shows strong scintillation throughout the entire pass but this is replaced by a more patchy structure
in the later observations. A further point to note is the lack of exact mapping between S4 and o , although
a few very high values of al in the first figure must be treated with caution. In noting the differences
in behaviour between S4 and co it must be remembered that the main contribution to S4 arises from
irregularities of scale size close to that of the first Fresnel zone for the observations, whereas the effect
of larger irregularities with scales essentially determined by the detrending procedure in the proressing
of the phase data dominates the phase fluctuations which determine the oo value.

In a preliminary analysis of the first three months data high elevation north-south satellite passes
have been selected and average S4 values above a threshold of 0.15 computed for the 150 MHz signal for
different time ranges throughout the day are presented in Fig.3. These composite results for all levels
of geomagnetic activity, plotted as a function of geographic latitude, show broad features which can be
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identified with the known behaviour of the auroral oval. However for further geophysical interpretation
the data are being organised on the basis of a geomagnetic coordinate system.

(b) Signal-fading structure e, .. b

Information on the structure of the fading signal during scintillation is available from the data.
The probabilities of occurrence of different intensity levels within the fading signal are presented in A

Fig.4 for four ranges of S4 covering weak to strong scintillation at 150 MHz. These show good agreement
with the theoretical Nakagami-m distribution with m - 00-)

2 
in confirmation of the work of Whitney et al.

(1972). Corresponding cumulative plots give the percentage of time for which the signal is below a
given threshold. However, in addition to amplitude distributions further information is needed to describe
fully the signal fluctuations, in particular temporal information relating to the durations of fades. A4
feature of the present experiment is the information it provides on the durations of individual fades of
the 150 MHz signal. The average numbersof fades of given duration within a 20s data window are plotted
in Fig.5. Results for different threshold intensities are shown for three different ranges of S4
corresponding to weak, moderate and strong scintillation. The complex nature of the fade duration t .

structure can be seen from the graphs, although it can be noted that for strong scintillation and deep
fading there is some limited support for the exponential model inferred by Crane (1977) from a very .,. .

restricted set of NNSS observations. However, as signal threshold intensity increases the importance of
the longer fades becomes apparent in the distributions. Far satellites in low orbit the effective scan L
rate of the electron density irregularities at F-regions heights at - 2km s-1 determines the essential . .

magnitude of the fade durations. The scan rate is in turn affected by the height of the irregularities,
while the influence of larger-scale irregularities is masked in the intensity data by Freanel filtering. -f
The results presented here have been obtained from the analysis of aome 5000 individual samples of
scintillation and so represent averages for all irregularity configurations encountered at high latitudes.
Data on fading structure is normally only acquired during moderate or strong scintillation, so that the .- *

results for week scintillation presented here have been obtained from a much more limited set of some 200
data samples.

Cumulative plots giving the fraction of fades below a series of defined threshold levels whose
duration exceeds a given value are plotted in Fig.6 for S4 values corresponding to weak, moderate and
strong scintillation.

(c) Irregularity studies

A second aspect of the experiment is the study of the scintillation producing irregularities themselves *,~,

and the conditions in the ambient ionosphere which give rise to their formation and growth. Information ~ '

on the background ionisation is available in the ruutine data in the form of the number of cycles
(rotations) of differential phase observed in each 20s data window from which the variation of ionospheric
electron content along the pass can be estimated. However, of greater importance is a special mode of
operation of the experiment for use with coordinated runs of the European Incoherent Scatter (EISCAT) . *.

radar facility. In this mode the raw values of signal intensity and differential phase for an entire pass,
digitized st 50 Hz, are stored on the cassette tapes for subsequent analysis. The associated EISCAT
special program runs involve a meridional scan of the radar starting in the zenith and stepping by - 0.70
elevation every 20s through 54 steps, giving, in principle, an essentially horizontal resolution at F-region
heights - 3 km for electron density and plasma temperatures with electric field information also being
available. A complete program cycle involves one scan to the north and two the South.

An example of this coordinated experiment is that for 17 September 1984 when the ray path from an
NNSS satellite to Kiruna intersected the EISCAT ionospheric scan above Tromso at F-region heights. A
preliminary analysis of the EISCAT run has produced the fan plot of electron density contours as a
function of height and latitude which is presented in Fig.7. The universal times relevant to different
parts of the EISCAT scan are shown at the top of the diagram while the track of the intersection of the ray
path from the satellite is also drawn, with each 20s segment of the track labelled with the letters A to
E. It can be seen that the satellite pass coincided exactly in time with the early part of the radar scan.
The electron density plot shows a trough overhead with a region of steep rising gradient to the south,
within which are embedded what are probably field-aligned structures with horizontal scales of the order
of tens of kilometers. The electron density increases by - 5 times in a horizontal distance - 100 km.
Fig.8 shows the S4 values as a function of time computed for each 20s data window of the southbound NNSS
pass. The S4 values are low from the north through the trough minimum (A) but rise dramatically in the
region of the sharp electron density gradient (8-E) indicating the presence of small-scale (lO0m - 1km)
irregularities. Initial indications suggest that this gradient may be unstable to the E x B plasma
instability, although further information on the electric field from th.e EISCAT observations is awaited,
and, this, together with the temperature data will provide information on whether the larger scale
irregularity structures in the density gradient represent local particle precipitation or plasma convection
from elsewhere. Data from a further 15 satellite passes with coordinated FISCAT runs are now being studied.

CONCLUSIONS

An experiment, deployed in Northern Scandinavia, to study radio-wave scintillations has been described.
Early results on morphology and signal-fading structure have been presented, together with initial results
from a coordinated experiment using the EISCAT ionospheric radar. This shows strong scintillation,
indicating the presence of small-scale irregularities, in a region of steep horizontal gradient in electron
density containing large field-aligned irregularity features.
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SAT DAY A ECC INC RAAN ARGP MEAN MOT OST
20 261.619329 7391.92 0.0176 90.0015 147.8468 60.3470 4917.7813 21U.6744

0.0001 2.0213
DATE TIME S IL IR 14 S4L S41 S44 ROTS kMSP LONG LAT HOT RHMX1 CORT ETA

840917 220128 20 27 24 24 0.000 0.000 0.000 0.00 0.0 -179.6 9-/.8 521 0.000 0.000 0.000
840917 220149 10 28 20 25 0.550 0.575 0.126 4.59 70.7 20.9 75.2 154 0.932-Q.005 0.051 -
U40917 220208 8 31 24 25 0.380 0.363 0.100 8.57 26.6 20.4 /4.7 160 0.927-0.018 0.060

840917 220229 8 31 23 29 0.275 0.288 0.076 4.40 21.5 19.8 74.6 186 0.918-0.025 0.063
840917 220247 8 31 24 29 0.302 0.275 0.083 0.71 20.5 10.2 75.2 223 0.903-0. OZ3 O.OG2
840917 220308 8 33 26 29 0.2G3 0.263 0.083 2.81 1G.3 1t.7 74.4 .220 0.003-0.,044 0.0GO
840917 220330 8 30 29 31 0.288 0.288 0.072 5.18 24.2 17.2 "5.8 317 0.898-0.020 0.05G
840917 220348 0 26 29 33 0.288 0.240 0.069 5.73 14.4 -0.1 84.1 930 0.000 0.000 0.00-)
840917 220409 0 31 28 35 0.174 0.151 0.083 4.83 18.0 -0.2 82.8 932 .000 0.000 0.000
340917 220428 0 32 26 33 0.174 0.166 0.069 3.86 13.0 -0.3 81.7 933 o.000 0. 00 0.OuO

840917 220449 0 30 29 32 0.200'0.174 0.076 5.54 15.7 -0.4 80.5 935 0.000 .0)) 0.000
840917 220507 0 31 29 32 0.174 0.158 0.076 5.40 24.3 -0.4 79.4 J36 0.)000 0.000 0.000

1340917 220528 0 2S 28 33 0.209 0.138 O.OGG 3.85 14.1 -. 5 78.2 938 0.04 ,0 0.0k,0,0.)

840917 220549 0 29 30 36 0.166 0.12G 0.063 3.98 14.G -0.6 77.0 935 0.000 0.000 0.0"0
840917 220608 0 29 30 38 0.158 0.105 0.105 3.82 11.6 -0.7 75.9 941 0.000 0.000 0.000
040917 22029 0 29 29 36 0.151 0.096 0.072 2.GG 12.1 -0.8 74.7 943 0.000 0.0ou 0.000
8140917 220647 0 29 27 37 0.138 0.110 0.072 1.50 8.7 -0.9 /3.U 044 0.,100 0.o00 0.0-,)

840917 220708 0 28 29 39 0.138 0.079 0.038 -0.35 10.6 -I.u 72.4 046 0.0O0 0.-)00 0.000
840917 220730 0 25 31 39 0.191 0.076 0.05) -0.14 11.2 -1.0 71.1 948 '.000 0.000 0.000

840917 220748 0 27 31 38 0.174 0.076 O.OG3 1.02 14.5 -1.1 70.0 949 0.000 0.000 0.000
840917 220809 0 29 31 37 0.200 0.132 0.100 -0.95 15.9 -1.2 G8.8 951 0.000 0.060 0.000

840S917 220828 -) 31 32 34 0.182 0.166 0.105 5.72 29.1 -1.3 97.8 553 0.000 0.OyO 0. 000
840917 220849 8 33 33 33 0.302 0.302 0.132 6.42 33.6 13.0 G7.6 73 0.763-0.186 0.077
840917 220907 8 30 33 33 0.398 0.398 0.132 -5.55 55.0 13.2 67.3 253 0.766-0.210 0.063
840917 220928 8 30 32 32 0.347 0.363 0.126 -6.17 27.1 12.8 66.9 256 0.715-0.195 0.075

840917 220949 0 2G 30 33 0.302 0.240 0.126 -0.23 18.9 -1.6 63.0 9GO 0.000 0.000 0.000
840917 221008 8 24 27 34 0.363 0.347 0.145 -3.71 36.0 13.5 G6.5 211 0.664-0.229 0.083

840917 221619 17 0 0 0 0.000 0.000 0.000 0.C.) 0.0 -3.3 40.5 989 0.000 0.000 0.000
Data .rittan to TPEFIL 76 DDO:
F>

Fig.l. Sample computer print-out of data obtained during a satellite pass

19-9-84
2028-2042 UIT.19 -8

0,8 2214- -2 230 U.T.

0-6
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0l-a MH t. (krn) 0--

4004

0 0-1-.

s4 o s . .., i

2 2"

(rod.) I3f

T" trod.)

1 1" """"

6b 7 80 90 B 60 70 0 90 80 ",4"

SATELLITE LATITUDE (deg.) SATELLITE LATITUDE (deg)

Fig.2. Examples of S4 on 150MHz and a. values as a function of latitude for two successive satellite passes.
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Fig.5 The average numbher of fades helow specifiedl threshold levels plotted as a fun tion of fade
duration for three ranges of S4 covering weak, moderate and strong mcintillation.
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DISCUSSION

A.Rodger, UK
(1) Have you investigated the temperature structure of these plasmaspheric irregularities? (2) Why do you favour
electric field driven instabilities rather than Rayleigh-Taylor or temperature gradient drift instabilities; the latter has
been suggested by Hudson & Kelly (1976) at the equatorward edge of the mid-latitude trough.

Author's Reply
(1) A first look at the electron temperature data for the part of the EISCAT scan showing the density gradient appears
to indicate that there is also a gradient in temperature with lower temperatures towards the equator. There is some
evidence to suggest structure in the temperature of a tens of kilometres scale with colder temperatures in the
irregularities. This may indicate that the irregularities have convected for some time rather than having been formed
locally by precipitation. (2) At this stage of the analysis we can only really speculate on instability mechanisms.
However, a temperature driven instability must be considered if the westwards electric field component turns out to be
small. A gravitationally driven instability is less likely in this region where the dip angle of the magnetic field is steep.

T.B.Jones, UK
(1) The high latitude ionosphere can be a very dynamic region. Your EISCAT scan took -20 minutes; do you think the
ionosphere would change appreciably during this period? (2) The comparison you presented would benefit from
improved spatial and temporal resolution such as provided by the STARE/SABRE auroral radar. Do you intend to ,.
examine this type of data?

Author's Reply
(1) The change occurring during the 20 min scan will depend on the convection. In the example shown here the basic
gradient does not appear to have changed appreciably betwen the successive scans, suggesting that the main flow is ,.. ,..
probably essentially normal to the plane of the scan. The scan pattern has been designed to try to get information with ,- A •.
adequate signal to noise ratio about structures with scales close to the beamwidth resolution of the system while still ... .

•. covering a large enough sector for there to be a reasonable chance of scintillation occurrence on the satellite signal.
This, of necessity, implies compromises in both space and time. (2) Data from an auroral radar looking at the E-layer or
field lines within our scan volume would give useful additional information. However, it must be remembered that there
is a minimum threshold field for the E-layer instabilities detected by the radar and, of course, the electric field may not
always be mapped upwards into the F-layer. As you know, we have started recently to compare your SABRE data with -.

our routine scintillation observations. One of the powerful features of the UHF radars is their abilities to determine
regions of shear in the electric field and it will be interesting to look at scintillation occurrence in conjunction with these
shears in the field.

:..,' .

.'-'.-.\
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e34. '.:
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SHF/EHF RAY BENDING

D.L. Zimmerman, G.F. Providakes, and D.L. Post

The MITRE Corporation
Bedford, MA 01730

S.H. Talbot I-
Rome Air Development Center
Griffiss AFB, NY 13441

ABSTRACT

This paper reports on the ray bending expected for narrow-beam satellite links in the
atmosphere. Satellite communications terminals in the upper latitudes frequently operate
at low elevation angles with high gain antennas. These antennas produce narrow beams
that pass through the atmosphere at low terminal-to-satellite elevation angles for commu-
nication with geostationary equatorial satellites. The propagation paths experience ray
bending caused by earth curvature and a decrease in atmospheric refractivity with alti-
tude. Unless these effects are properly accounted for, acquisition and tracking problems J,
can occur.

Ray bending was found to vary from about 0.1 for 10 elevation angles to about 0.750 k

for 0 elevation angles under standard atmospheric conditions. Bending was found to be %

nearly independent of frequency in the SHF/EHF (20 GHz to 50 GHz) region. Warm high- , -L
humidity areas tended to produce more bending. 

%

Based on this study, potential problem areas, including tracking and spatial acquisi-
tion, are discussed for satellite systems. The authors propose using elliptic reflectors
and analytic prediction of ray bending to minimize adverse effects of ray bending.

'. INTRODUCTION 4*

The future direction of satellite communications is toward higher link frequencies,
higher data rates, and wider geographic dispersion of ground stations. The higher linkfrequencies allow greater antijamming capability. Higher frequencies and larger antennas

also allow higher data rate transmission with a lower probability of interception. Some
of the consequences of this evolution will be terminals located in regions that require
very low antenna elevation angles. The terminals will use high gain antennas, up to 70
dB (35-ft parabolic at 45 GHz), to communicate with equatorial satellites. The narrow .
beams associated with these high gain systems make them very sensitive to atmospheric
propagation disturbances. A potential problem to overcome is initial spatial acquisition
of the satellite and continued tracking under narrow beamwidth and low elevation angle%
conditions. More complications would arise if the atmospheric ray bending were changing ., ,\
with time. Further complications are caused by increased atmospheric attenuation at low . %
elevation angles.

For example, assume that we are t~ying to spatially acquire a geostationgry satellite
losated over the Atlantic Ocean at 30 w longitude from Umanak, Greenland (52 W longitude,
71 N latitude). The earth coverage contours in figure 1 indicate a 5 elevation angle
for this situation. If the antenna is initially open-loop pointed according to the .. ...
ephemeris data base, the computed elevation angle may turn out to be too low. As shown
in figure 2, the Earth's atmosphere has bent the propagation path concave downward. - -"

Atmospheric bending becomes important only when the bending is comparable to or
greater than the antenna beamwidth. Figure 3 shows standard atmospheric bending for A

various elevation angles. For the example above, figure 3 gives a yearly average of 0.2 0

downward bending for 5 elevation angles. Suppose we have a 15-ft diameter pa~aboli.
antenna receiving a 20-GHz downlink. This antenna has a 9-dB beamwidth of 0.2 (0.1
from center to 3-dB point). If we point the antenna at 5 rather than 5.2 , the result-
Ing off-axis reductin in link strength would be 15 dB. Beginning a8 antenna acquisition .% ':
step scan from the 5 point and stepping the elevation angle in 0.05 increments, so as
to get within I dB of maximum strength, would result in a seven-step search before acqui-
sition. These steps are 5.00, 4.95, 5.05, 4.90, 5.10, 4.85, and 5.15. Consequently, up
to seven times the nominal acquisition time might be needed. Configurations with higher ,' ,
frequencies, larger antennas, or lower elevation angles would result in even greater
acquisition time. One approach to this problem would be to start searching from the
anticipated yearly average bending. Figure 4 shows the 3-dB beamwidth for various
atenna diameters and operating frequgncies. The horizontal line illustrates a typical
5 elevation angle ray bending of 0.2 . It is seen that millimeter wave systems are a
concern even for antenna diameters in the 10-foot range.

BACKGROUND

Factors affecting the direction of propagation of electromagnetic radiation through
the atmosphere have been studied for years 11,2,3). Wave redirecting or ray bending can
be caused by a number of factors. For Earth terminal-to-satellite links, the gradient of ..- '.-
the atmospheric refractive index with altitude is the most significant factor. For stan-
dard atmospheric conditions, the refractive index, n, decreases with altitude, as in
figure 5. This effect is similar to the ray bending and trapping associated with fiber
optics, where the radial gradient of the refractive index is designed and built into the ," .

fiber (4).
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In the case of the atmosphere, a wave transmitted horizontally will be bent toward
' the Earth by the natural gradient caused by the decreasing air dgnsity with altitude. As

the Earth terminal-to-satellite elevation angle increases from 0 , the ray propaggtion
path departs from horizontal. In a standard atgosphere, a ray is bent agout 0.75 when
launched with a 00 elevation angle and only 0.1 when launched with a 10 elevation angle

'N (figure 2).

RAY BENDING ALGORITHM

These issues prompted us to examine the extent of the atmospheric ray bending. The
following briefly describes the algorithm used to compute the ray bending. A change in
the refractive index of a medium will cause a change in the direction of propagation of
an electromagnetic wave. Schulkin [5] has come up with a method of approximating the
total bending through the atmosphere by using atmospheric refractivity profiles. The
total bending is a summation of incremental bends obtained when the atmosphere is thought
of as a multilayered shell, each shell having a given refractivity, N. Schulkin's
results are:

n 2(N~ - Nkl
n k (k + 0

k=0 k. .k,'.

where

2(r -r ) x 106
0 k+l(mrad) a (mrad) + --k ---rk 2

(Nk - Nk+l )

Nkl = ko k prt pe miln(-)x1 ~,

n = total bending in milliradians .-

N = refractivity of kth layer in parts per million (n-1) x 10
6

" k = angle of ray entering the kth layer (milliradians) ,.

rk distance to the k layer from Earth's center

As the transmitted ray penetrates the second layer of new refractivity, usually
smaller in value than the first layer, the ray is bent toward the earth. For elevation
angles of 10 or less, this method allows errors of no more than 1.0%.

The atmospheric refractivity is computed by using the Millimeter Wave Propagation
(MPM) program developed by Liebe [6] and modified for our application. The MPM program
computes the refractivity, dispersion, and attenuation of the atmosphere based on the
atomic and molecular spectra of the atmospheric constituents. The pressure and tempera-
ture effects on the spectra are included in the analysis. The MPM program includes --
"standard" atmospheric profiles for tropical, temperate, subarctic, and arctic regions
for January and July. .

RAY BENDING AND ATTENUATION

Figure 6 shows the amount of ray bending calculated for the arctic and subarctic win-
ter and summer with 100% humidity. Limited bending and attenuation variations occur in
arctic regions since cool air cannot hold much water vapor. Using the refractivity con-
tours in Bean and Dutton [3], we can compute the ray bending over a 12-month period for
several locations in North America. The contours for Washington, DC, are shown in figure
7. These contours are used in the ray bending algorithm to develop the seasonal changes
in ray bending. Figure 8 shows the ray bending for 2-week intervals when a ray is
launched at 5 above the horizon. If data were available over time durations of the
order of minutes and hours, larger variations from the nominal bending would be experi-
enced. The antenna must be able to track these changes if the bending variation is com-
parable to or greater than the beamwidth. One possible solution to alleviate this prob-
lem is to use an elliptic antenna with a broad vertical and narrow horizontal beam-
width. This antenna would maintain high gain but be less sensitive to elevation bending
variations. It would also offer low profile installation advantages.

The MPM program also computes dispersion and attenuation for rays propagating through "''
the atmosphere. Figures 9 and 10 show the computed attenuation along a bent ray for wig-
tsr and sumer at arctic and subarctic latitudes. The plots show the attenuation for 1
5 , and 10 elevation angles, for link frequencies of 20 GHz to 50 GHz. The MPM program
can compute the atmospheric propagation from 1 GHz to 1000 GHz.

Figures 3 and 6 show that total ray bending is greatest on low elevation links.
Also, more bending occurs in regions of high water vapor content. The wetter air has a
larger refractivity and results in a larger overall refractivity gradient from the
Earth's surface to space.

Ray bending is weakly dependent on frequency since refractivity values vary only
slightly with frequency. Figure 11 shows that at most a 0.45 parts per million (ppm)
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change in refractivity occurs from 1 GHz up to 50 GHz. This limits the differential

bending to less than 0.1% of the nominal ray bending over this frequency range.' A termi- .
nal's parabolic reflector can thus support widely varied uplink and 

downlink frequencies e

without mispointing caused by differential bending. Figure 11 includes the increased

dispersion and attenuation due to water vapor around 22 GHz. Again note that higher C
temperatures allow more water vapor at a given relative humidity (RH) and therefore more

attenuation and dispersion.

Figures 12 and 13 show the strong effect of water vapor at 22 GHz. Eve 8 though 50%

humidity exists in both cases, the higher yearly average temperatures at 15 N latitude ."

allow a greater mass of 8tmospheric water vapor than occurs during summer months at 60 N. "

Fs a 22 GHz link at a 5 elevation angle, an 8-dB yearly average attenuation occurs at

15 N and 50% humidity. For the high attenuation summer months at 60 N and 50% humidity,

the attenuation averages only 4 dB. This difference shows the low path attenuation

advantages that may be available to high latitude terminals operating low elevation angle [-

satellite links below 35 GHz.
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CONCLUSIONS

Ray bending phenomena occur on different scales. The rays bend up to about 1 0,
depending on the elevation angle and local refractivity profile. The rays can undergo
seasonal bending changes of about +20% from the nominal bending on a 2-week basis.
Shorter time durations will lead to larger variations. Dispersion effects occur on
scales of less than 0.1% of nominal bending and, except for very wideband systems, seem
negligible. The greatest ray bending seems to be dominated by the local long-term cli-
mate. A knowledge of ray bending can greatly reduce signal acquisition times for
terminals with small beamwidths and low elevation angles.

Nominal ray bending is predictable (figure 3) and can be used to precorrect initial
open loop antenna pointing to reduce acquisition time. Rapid changes in bending may
cause acquisition as well as tracking difficulties. Further short-term statistics must
be gathered to assess the magnitude of this effect. One solution to this problem is to
use an elliptic antenna that has a broader vertical beamwidth less sensitive to bending
changes.

The low water vapor content of the upper latitudes offers advantages to low elevation
angle communications for geosynchronous satellites below 35 GHz. Higher link availa-
bility may also be possible because the rain occurs with less frequency and intensity.

Further research is needed to determine the statistics of short-term ray bending
effects due to local and rapidly changing weather conditions. However, at present, we
believe that ray bending will not affect satellite link performance significantly if
simple and prudent precautions are taken.
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DISCUSSION ' -.

N.C.Gerson, US %,.. \-.

This paper attempts to examine the influence of tropospheric refractivity gradients on the trajectory of EHF-SHF .
waves. The computations were based upon the work of Bean and Dutton. However, Bean and Dutton's values have .,. -
been superseded by a more recent and more comprehensive evaluation of surface refractivities and vertical refractivity
gradients as a function of month for many locations over the globe. By using the mean values given by Bean and Dutton,
the full extent of the angular deviation of the ray trajectory is considerably subdued. It should be recognized that the
more recent results are also based upon radiosonde data. Since the water vapor sensor of the radiosonde is sluggish,
and since radiosonde data are sampled at altitudes specified for meteorological interests, even the new results are
conservative and show more gradual and subdued vertical refractivity gradients than actually exist. Thus, in any
redetermined evaluation of EHF-SHF refraction errors, appropriate caveats indicating the limitations of the results
must be indicated. In any event, a recomputation based upon a more extensive data base is warranted.

Author's Reply ..

I agree that a larger data base is needed to evaluate rapid bending angle changes while a terminal is tracking a satellite to :.-

evaluate tracking performance. For initial open loop pointing acquisition, however, more recent data would probably . ..-.

not result in significant reductions in spatial acquisition time. Only an averaged bias angle offset would be practical in
terminal applications. -

% %%

.- % .... ,

% , -?
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'2 SUMMARY

Experimental observations of the signal received from an EHF satellite beacon
were made during June, August and December 1984 from a location in the Canadian
arctic north of 800N. The satellite follows an inclined orbit and as a result Is
visible for about eleven hours per day. During this period the elevation angle to
the satellite varies between zero and approximately 21 degrees. The pointing of the ,

receive antenna towards the satellite was achieved through computer-controlled ,

Throughout the experimental period the changes in atmospheric conditions were

mainly due to movement of air masses rather than diurnal variations in ground
heating. Also, even though fog from the nearby ocean occurred frequently, there
were no significant amounts of precipitation during the experiment.

The results of the experiment indicate that signal fading occurs almost .

entirely at elevation angles less than approximately 5 degrees. Variations in the
median signal level are presented as a function of the elevation angle. Also
included are cumulative distributions of received signal level computed for various e .
elevation angles.

In general, the experimental results correlate well with the atmospheric
*conditions. The fading was found to be less severe in the winter than either spring

* ~or summer. *

INTRODUCTION

Communications via geostationary satellites to locations in the Canadian
arctic are generally provided along propagation paths at low elevation angles. .~

Previous studies have shown that the effects of tropospheric fading become
increasingly severe as the elevation angle decreases [1,2] and this results in the
need for earth stations with large diameter antennas. The studies also suggested
that fading Is less severe in the winter months and in the more northern locations
[1,3).

There are additional problems for locations in the high latitude region
beyond approximately 80ON as these locations are inaccessible to any geostationary ~,
satellite. Adequate communications coverage to these areas, however, may be
provided by using a set of satellites placed in inclined orbits.

To study the characteristics of EHF propagation in the high latitude region a%
series of observations were made from a location in the Canadian arctic of the %
signal strength received from an EHF beacon on board the Lincoln Experimental
Satellite (LES-8). Some of the experimental results are presented in this paper.

EXPERIMENTAL ARRANGEMENT

The 38 GHz signal source originated from the LES-8 satellIite which fol lows an
orbit inclined at 23 degrees and has an orbital period of approximately 24 hours.
The receiver was located north of 80ON where the satellite was accessible for 11
hours per day. As observed from the ground the satellite describes a figure eight
pattern the upper half of which is visible (Figure 1). The range in azimuth is less
than 6 degrees and the elevation varies between zero and 21 degrees. The physical

* horizon of the receiving antenna was limited to approximately 0.9 degrees by a ridge
located at a distance of 3.5 km from the experimental site.

The receiver employed a 0.45 m diameter Cassegrain antenna with a 3 dR
beamwidth of 1.2 degrees. The antenna position was controlled by a small computer
using look angles previously computed from the satellite orbital elements. Ry using
precision optical encoders a resolution of better than 0.05 degrees was achieved.
Thus, variations in the received signal level will be due to propagation effects or
errors in pointing the spot-beam antenna of the satellite.

The received signal was monitored by a phase-lock receiver with a loop
bandwidth of 1 KHz and the receive margin was better than 30 dR. The signal level
was digitally recorded by sampling the receiver AGC voltage at 01.42 s intervals.
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OBSERVATIONS

In order to study the propagation characteristics under a variety of
atmospheric conditions, three sets of measurements of the received signal level were
made over a period of several months. %a.,~

The first set of measurements was made in early spring from May 27 to June 6 AM
and the second set was made during the summer from August i to August 8. The sun
w as always above the horizon during these periods. The third set of measurements
was made during the winter from November 30 to December 7 when the sun was always a
below the horizon.

A plot of the signal level recorded on flecember 1 is shown in Figure 2. The
vertical scale is normalized so that 0 dR represents the median signal level at an
elevation angle of 20 degrees. The results shown in Figure 2 are typical for days
when little fading is observed. The signal was acquired as the satellite rose above
the horizon and in a few seconds the signal was within several dB of its median %%.~.
level. As the elevation angle increased, the fading amplitude decreased rapidly.%
At the same time the average signal level increased slowly with the elevation angle .

due to reduced atmospheric absorption. For elevation angles above 5 degrees a
stable signal persisted with virtually no fading. Finally, a decrease in average .

signal level and increase in fading amplitude were observed as the satellite set.
On this day, the weather was clear and calm with an average surface temperature of

* ~-300C. 
* *

Since fading was observed typically only at low elevation angles, the signal ~*
characteristics during these periods are examined in more detail. Figure 3 shows r
the signal level observed on December 1 as the satellite rose to an elevation angle
of 10 degrees. The peak-to-peak fading amplitude was approximately 10 dB while the
satellite was between 1 and 2 degrees but was rapidly reduced to less than 3 dB for
elevat-ion angles above 3 degrees. These observations are typical of those observed
during December and parts of May. :.-

Low-angle fading was generally more severe during June and August. This is -

illustrated inFigure 4 which shows the signal level recorded on August 7. Very
rapid signal fading with a peak-to-peak amplitude of greater than 25 dB was observed

*while the satellite elevation was between 1 and 2 degrees. At the same time the
increased atmospheric absorption associated with the warmer and more humid August
atmosphere resulted in much lower signal medians at low elevation angles compared
with the December measurements. Despite the more severe fading at low angles, a
relatively steady signal resumed as the satellite rose above approximately 3

* degrees. On this day, the atmosphere was clear with only isolated high clouds and
* the average temperature was approximately 00C.-.

RESULTS

The experimental data were processed by grouping Into I degree increments In
elevation angle.

Median Signal Level

The median signal level observed for each range of elevation angle for allI data %~
is shown in Figure 5. Each point represents the median level observed during one
day. The spread in median level at the higher angles amounts to 3 dB or less but
increases to more than 6 dB for angles below 2 degrees.

The dotted li ne in Fi gure 5 shows the median l evel cal cul ated f rom all1 the data
combined. The median levels calculated separately for each of the three sets of
data show very good agreement except for the August data at angles below 2 degrees,
where the median level is some 2.5 dB less than the Nay and December values.

The solid line in Figure 5 shows the effect of atmospheric absorption due 0
oxygen and water vapour calculated for a surface water vapour density of 5 g m .

and incl udi ng the ef fect of regul ar ref racti on. The line forms an approximate upper .

bound on the experimental signal medians. Thus, the distribution of signal levels
In the presence of fading is very non-symmetrical about its mean, in agreement with
a model of low-angle fading based on focussing and defocussing by curved refractive
index discontinuities in the atmosphere [41. 1 u.

Signal Level Distributions

* Cumulative distributions of the received signal level are computed separately
*for each set of data. The distributions for the Nay-June and August data are shown

in Figures 6 and 7 respectively on Rayleigh coordinates. The distributions for the
* two sets of data are consistent with each other for angles above 3 degrees.

P



At lower angles more fading and lower signal medians were observed in August.
These characteristics are consistent with the seasonal changes in the arctic
atmosphere. During early spring in May and June, the ground was snow covered. The
average surface temperature varied between -10 and O'C and there were occasional
snow flurries. The weather was also highly variable, with clear skies changing to

heavy fog, caused by the nearby ocean, within thirty minutes. Although the same
variability in weather conditions existed in August, the ground was no longer snow
This allows for a higher water vapour content in the atopeeand acut o h
lower signal medians. During both periods there were no significant diurnal ground

. % heating effects as the sun never set.

Figure 8 shows the signal level distributions for the December data. Much less
fading was observed even for the low elevation angles when compared with the spring
and summer data. This is further illustrated in Table 1 which summarizes, for each
set of data, the fade depths relative to the median ( 50 % ) levels which are not p
exceeded for 99 % of the time. This will be referred to as the 99 % fade depth in
the-following. For the 1-2 degrees range, the 99 % fade depth in winter was 5.6 dB -

compared with a value of approximately 14.5 dB for both spring and summer. The sun
never rose in December and the average surface temperature was approximately -35*C.% This period includes days which were clear and calm and those with gusty winds and
blowing snow.

TABLE 1. Comparison of the fade depths which are not exceeded for 99 % of
the observation time. The fade depths are measured relative to
the median levels for the respective ranges in elevation angle.

99 % Fade Depth (dB)
Measurement Period

1-20 2 - 3 0 3-4* %* %,

May - June 14.3 8.0 5.1

August 14.5 6.8 3.7

November - December 5.6 3.3 2.2

Figure 9 shows a comparison between the amount of fading observed on the best
(December 1) and worst (June 5) days which were selected based on visual inspection

0.of the signal level plots. The respective 99 % fade depths for the best and worst p
days are 5.8 dB and 17 dB for the 1-2 degrees range. The signal level distribution
for the 1-2 degrees range on the worst day corresponds to that of a Rayleigh

distribution.

CONCLUSIONS

A comparative study of EI4F propagation characteristics was made based on
experimental data collected during spring, summer and winter in the Canadian high
arctic. Several conclusions may be drawn from the results.

Very little fading was observed when the satellite was above 5 degrees
elevation angle. For all elevation angles, the fading was less severe In the winter
than in the spring and summer. No precipitation attenuation of the signal was
observed. .

mE highFrom a propagation point of view, a communications system operating at EF4F for
hihlatitude coverage appears feasible. Based on the data collected, the fade depth

relative to the median for 99.99 % of the observation time is less than 6.5 dR for
elevation angles exceeding 5 degrees.:. z-
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DISCUSSION

N.C.Gerson, US
The results show a large scatter in signal strengths, for summer, when the angle to the satellite is below an elevation

angle of 5*. I would like to suggest that this result is caused by superrefractive conditions in the troposphere which
permit multipath conditions to exist.

J.Borgholthaus, US
(1) Was a radiosonde employed to determine refractivity profile? (2) Why wasn't multipath considered as a mechanism
for the low angle fading?

Author's Reply
(1) No, refractivity profiles are not available. (2) Atmospheric multipath is certainly one possible cause of the low-angle
fading observed. However, fading could also have resulted from a focussing or defocussing effect due to a non-linear

refractivity profile.
p.jr

VJ.Coyne, US
(1) Since you do not believe conditions are appropriate for reflections from the snow as a source of multipath fading -

* what mechanism do you propose? (2) If the multipath is due to refractive discontinuities - what are the scales and

intensities involved?

Author's Reply
(i) As I mentioned earlier, both atmospheric multipath and signal focussing and defocussing are possible mechanisms.

(2) Since refractivity profile data is not available, it is not easy to give a good estimate of the values of these parameters.

Reference 141 does give a good discussion of low-angle fading due to a defocussing effect with relevant ray-tracing
results.

-* -. . o.
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SUMMARY OF SESSION III

Propagation Aspects of HF Communication

by

Dr P.Cannon
Session Chairman

The six papers in this session covered a wide range of subjects applicable to a better understanding and better design of
HF communications systems.

The papers by Darnell. and Goutelard and Caratori concerned themselves with how improved equipment and system
design could overcome the problems associated with high latitude propagation. In particular, Darnell discussed the structure
of a networked system designed to overcome the low availability often associated with mobile operation at high latitudes.
Goutelard presented data, collected over sub-auroral, auroral and transauroral links, which was displayed in terms of 3-
dimensional plots of power, frequency and time. He showed how these plots could be applied to modems designed to
operate in these disturbed regions.

The papers by Quegan, Milsom and Herring, and Damboldt addressed ionospheric modelling and its success, or
otherwise, at high latitudes and also at middle latitudes during disturbed periods. Quegan described the requirements for a
high latitude model and substantiated his view that a theoretical model based upon an understanding of the physics, rather
than a statistical model, is feasible. He also stated his belief that more work is needed to obtain a better understanding of
ionospheric irregularities and their modelling, since these are extremely important for HF radar planning.

- '--.' Damboldt compared median characteristics of the F2 region with measurements taken at a specific location in northern , -

Germany. He showed that the average experimental values agreed well with the predicted values, but that the spread of
values is high, especially at times of high geomagnetic activity. During the period of reported observations disturbed -
conditions occurred one night in two. '.

The paper by Cormier, Tichovolsky and Greenwald described a new experiment set up between Thule and Goose Bay
in order to measure azimuthal and elevation arrival angles of HF skywave signals. The experimental technique graphically

4demonstrated the variability of the auroral ionosphere. Results which show the apparent movement of the transmitter due to .- :

ionospheric perturbations from the quiet state, were discussed. S..

Hunsucker, Delana and Wang also compared theoretical predictions with experimental results. This paper, however,
described comparison of experimental HF field strength measurements against FCC predicted field strengths. The paper
concluded that in auroral Alaska the received signal strength is dominated by D-region absorption and that, in future, FCC
standard curves include some variability for auroral latitudes.

..i%

.
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IONOSPHERIC MODELLING AND HF RADIO SYSTEMS AT HIGH LATITUDES Hi

S. Quegan, J.D. Milsom and R.N. Herring

GEC Research Laboratories,
Marconi Research Centre,

Great Baddow,
Chelmsford.

Essex, CM2 8HN, U.K.

SUMMARY

Successful planning of HF radio systems to operate at high latitudes requires some
means of predicting ionospheric morphology, both as regards ambient electron density and
ionospheric irregularities causing backscatter. Because of the presence of several physical
processes, and the sparsity of data, reliable statistical models are not easily constructed.
However, increasing knowledge of the processes operating, and the availability of powerful
computers, makes the construction of physically-based numerical models of ionospheric
structure a viable proposition. This paper describes such a model at a fairly advanced
stage of development, and gives examples of calculated electron densities. The ingredients
and shortcomings of the model will be described, together with the steps to be taken to account
for ionospheric irregularities, and to allow us to predict HF system performance using
ray-tracing.

1. INTRODUCTION

kn essential element in the successful planning of high frequency (HF) radio systems,
which exploit the sky-wave mode of propagation, is a description of the ambient ionospheric
electron density. At low and mid-latitudes statistically based models have been developed
over many years and are an integral part of many long term prediction programs. As we move
polewards, however, the ionosphere becomes less regular and predictable, and reliable
statistical models are not easily formulated. Certain large-scale structures are normally

observed, e.g. the mid-latitude trough, the auroral oval and the central polar cap, but they ,..
show large scale variations as a function of local time, universal time, season, and' ,'%
geomagnetic activity.

Despite these modelling difficulties it is highly desirable to have some predictive/
forecasting capability at higher latitudes. Important features of the ionosphere such as the
trough are absent from the commonly used ionospheric maps. It is therefore extremely difficult
to estimate the behaviour of radio systems which rely on ionospheric support from these areas. %
Robust communication systems which employ low speed digital modulation may usually be able to
cope on high-latitude circuits. However, there is a noticeable trend towards more sophisticated
signalling waveforms such as frequency-hop and direct sequence spread spectrum. The performance
of these wideband systems at high latitudes is difficult to estimate at the present time.
Communications engineers require advice on the group time delay structure of sky-wave channels,
active elevation angles and the effect of small scale ionospheric irregularities. Radar engineers
who are investigating the use of over-the-horizon-radars (OTHR) need additional information
about possible bearing errors. These are some of the reasons for our interest in this subject.

2. IONOSPHERIC PROCESSES AT HIGH AND LOW LATITUDES

The difference between the low and high-latitude ambient ionosphere can be attributed to
four causes:-

(1) an electric field, _, of magnetospheric origin, which dominates plasma ".*"'
electrodynamics at hi[gh latitudes, but is negligible at low latitudes;

(2) the presence of intense particle precipitation in regions surrounding the
magnetic poles;

(3) the different character of ionospherehnagnetosphere flows at low and high
latitudes;

(4) the separation of the geographic and geomagnetic poles, giving rise to universal
time (UT) effects which are only significant at high latitudes.

All four causes are interrelated, and can be understood qualitatively as consequence of the single
% process of magnetospheric convection. Such an overall magnetospheric view is not initially

necessary to explore their effects on the ionosphere.
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The magnetospheric electric field, is always present at high latitudes, but shows
considerable variation in magnitude and morphology. In its most frequently-observed form, it
drives a two-celled convection pattern of plasma with anti-sunward flow within the polar cap and
return flow at lower latitudes (figure 1). The size and orientation of the cells is time-dependent
and correlated with solar wind parameters. This electric field is the major cause of the
complexity of the high-latitude ionosphere, since even a steady-state field causes plasma to I Aw
follow a great variety of trajectories.

The electric field also affects other important determinants of ionospheric
behaviour, due to the dynamic coupling between the ion and neutral species. Ion drag dcminates :

neutral gas dynamics at ionospheric heights at high latitudes, leading to very large thermospheric ..

winds. These have important consequences for the formation of the mid-latitude trough and the key
ionospheric parameters NmF2 and hmF2. Collisional heating alters the crucial reaction rates of 0+
with 0 and N2 , affecting the time-scales of ionospheric decay. Current systems in the lower
ionosp ere cause Joule heating, and provide a source of plasma instabilities leading to ..,
irregularities in the electron density. .

Particle precipitation is continually present in belts (the auroral zones) surrounding
the magnetic poles. The dayside and nightside precipitation regions have different characteristics,
the dayside region (the 'cleft' or 'cusp') typically involving particles of lower energy than on the
nightside. There is rapid variation in the intensity and location of precipitation. Precipitating 4W
particles provide a source of ionization and ionospheric hearing, though this latter effect is of
less consequence than the Joule heating caused by the intense electric fields observed in the
auroral zones.

Flows between the ionosphere and magnetosphere provide a slow-acting but important influence %

on F-region behaviour. At high latitudes there is a continuous outflow of plasma into the '
magnetosphere (the polar wind) which affects the dayside F-region only slightly, but is a significant
factor on the nightside, particularly as regards trough formation and depth. At low to mid-latitudes,
a diurnal ebb and flow of plasma between the ionosphere and magnetosphere occurs. This stabilises
the behaviour of NmF2, depressing dayside values and sustaining nightside values.

The separation of the geographic and geomagnetic poles adds a further complication to
high-latitude ionospheric behaviour. Solar illumination is under geographic control, while mand
particle precipitation are under geo-magnetic control. The rotation of the magnetic pole

around the geographic pole causes the convection pattern to show significant universal time (UT)
variation when viewed from the geographic frame. Figure 2 illustrates how complex plasma
trajectories may be (in the geographic frame) as a result of the combined co-rotation and
magnetospheric electric fields, when UT effects are taken into account. This diurnal dependence
of convection causes plasma densitites and dynamics to exhibit UT variations, on top of variations
due to changes in E and particle precipitation boundaries. This UT dependence has been modelled
and experimentally verified (SoJka et al, 1982). The ensuing complexity, coupled with the lack d.
of extensive data coverage, explains the difficulties of developing useful empirical models of the
high latitude ionosphere.

3. IONOSPHERIC MODELS %''

3.1 Elnpirical Models

Ekpirical models of the low and mid-latitude ionosphere have been developed over many
years. Ionospheric maps of this type are presently recommended for use by the CCIR for long-term
sky-wave system planning. Due to the smoothing of data which occurs in the preparation of the
CCIR maps some important features of the high-latitude ionosphere are badly represented. The
absence of such features affects the usefulness of propagation predictions in an unknown way. Such
features have been shown to be important for propagation studies by, e.g. Lockwood (1980), who
demonstrated that HF propagation in the sub-auroral ionosphere is significantly affected by the
dynamics of the mid-latitude trough.

In recent years mporvements have been made in the quality of empirical ionospheric
models at high-latitudes. Within UK the best high latitude empirical model is the over- ,.. ..
smoothed CCIR representation. %.,.,.

3.2 Theoretical Models

Parallel with the systematisation of observations has been a growing theoretical
understanding of the processes determining ionospheric phenomena.

The incorporation of the physical processes into a mathematical model of the ionosphere
is achieved through the Navier-Stokes equations, as they apply to a dilute plasma. An important
consequence of the momentum equation is that the dynamics of the plasma can be separated into two
decoupled components, one perpendicular and one parallel to the magnetic field. Motion " ,
perpendicular to the magnetic field (Hall drift) is driven by electric fields, and has the
property that plasma sharing a field-line at one time continues to share a field-line as time
progresses. One therefore has the concept of tubes of plasma drifting under the influence of
electric fields. Motion along the field-lines is driven by diffusion under the influence of
gravity, pressure gradients, collisions and electrostatic forces.
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The modelling procedure involves following the behaviour of individual tubes of plasma
as they make discrete time-steps along the trajectories determined by the electric field. Figure 3
depicts a model convection pattern based on ion drift measurements by the Atmosphere Explorer
satellites (Spiro et al, 1978). Other models in current use are based on the work of Heppner (1977)
(e.g. Figure 1) and latterly, data from the Dynamics Explorer satellites. Figure 4 depicts the
tubes of plasma travelling along convection paths. At each step it is necessary to supply a
description of the neutral atmosphere, including its velocity. We must also supply a description of
photochemical production and loss, effects due to particle precipitation, ionosphereAmagnetosphere
flows and a temperature profile. Neutral atmosphere dynamics are closely coupled to the ion dynamics ..e.

(Puller-Rowell et al, 1984), but full coupling of a neutral atmosphere and ionosphere model is
probably too time-consuming for routine modelling of the ionosphere. The ionosphere is also not too
sensitive to changes in the neutral gas dynamics, and relatively crude models give realistic results.
Models for particle precipitation must be based at present on crude time average estimates. Polar
wind flows have been measured by Isis-2 (Hoffman and Dodson. 1980) and also by Dynamics Explorer.
However, the recent observations of the importance of outflowing 0+ at disturbed times (e.g.
Klumpar et al, 1984) should be taken into account. Temperature profiles can be calculated assuming
known energy inputs, though at present empirical profiles are used in the work described here.

At each step, the coupled continuity and momentum equations are solved along the magnetic -
field line, to produce the time-dependent behaviour of the electron density along a convection path.
The global structure of the ionosphere is then constructed by following the behaviour of many such
tubes of plasma, to produce a dense set of point descriptions of the ionosphere, and interpolation ____
between points.r

The behaviour of an individual tube of plasma along a convection path (path 6 of Figure 3) -

is illustrated in Figure 5 (after Quegn et al, 1982). Figure 6 shows a cut across the 0OO/"400
LT meridians for a large set of convection paths. The mid-latitude trough and auroral belt show up
clearly in the nightside results, with a much narrower auroral spike on the dayside. Topside
results are of no direct relevance to propagation modelling, but show the occurrence of the light-
ion trovgh on both day and night sides. It should be noted that the results displayed in Figures
5 and 6 are calculated with UT effects being excluded. It is clear that a set of meridional cuts such
as that displayed in figure 6 will allow interpolation to any desired grid, to be used in
propagation modelling. '. "i

4. IONOSPHERIC IRREGULARITIES

Small scale ionospheric irregularities should be regarded as a permanent feature at
high-latitudes. The irregularities have an elongated shape due to the anisotropy of the plasma
conductivity, caused by the earth's magnetic field. These structures may be pictured as elongated
cyclinders aligned with the magnetic field direction. Rino et al (1983) have also established the
existence of sheet-like irregularities associated with the auroral electrojets. Irregularities
exist over a wide range of heights within the F-region but are also present within a few kilometres
of the E-region peak.

There are various theories regarding the mechanisms by which the E and F-region auroral

zone irregularities arise. These include direct production of particle precipitation, plasma
instabilities and turbulent mixing by electrostatic fields (Fejer and Kelley, 1979). The ,
relationships between large and small-scale irregularities have been discussed by Kelly et al (1982) '

and Vickrey and Kelley (1982), who also show that plasma convection will distribute irregularities
throughout the polar cap. However, many questions remain unanswered (Rino et al, 1983), and it is
at present not possible to construct a demonstrably consistent picture of plasma dynamics and plasma
irregularities at high latitudes. In the mean time progress has been made, most notably by T. J. Elkins
(1979), who suggests that the temporal and spatial characteristics of the irregularities can be
deduced from the observations of sporadic-E and spread-F which are made by vertical incidence
ionospheric sounders.

Some means of modelling the effect of these features on radio systems is a definite .
requirement. In particular the influence of auroral "clutter" on HF radar systems can be particularly ,
damaging.

5. AURORAL CLUTTER IN RADAR SYSTEMS

In this section the need for an improved model of the background ionosphere and the . ",< ''

embedded irregularities is emphasised with regard to a particular class of radio system, the "
HF radar.

Although the volumetric backscattering cross-section of auroral clutter is small
4, by microwave radar standards, the volume of the resolution cell for HF systems tends to

%., 4 be very large. Consequently a system may find it difficult to discriminate between target and '

clutter on the grounds of signal strength alone. Often it is possible to resolve target and

clutter by Doppler analysis, but in the case of auroral clutter drift velocities are spread over %
a wide range so as to obscure even fast aircraft. "-'

Tar.

Three conditions must be satisfied if auroral clutter is to be observed
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i) A part of the ionosphere containing irregularities must be illuminated by the radar.

ti) The ray direction must be orthogonal, or near orthogonal, to the Earth's magnetic -
field in the region of the ionospheric irregularities. ,%...

iii) The volumetric backscattering cross-section of the irregularity region must be
sufficiently high.

Given suitable raytracing methods and a good ionospheric model searches for condition (ii)
can be performed, (see Figure 7). Quite apart from any clutter amplitude calculation,this
raytracing exercise would be useful,for it tends to be the orthogonality condition which determines
the spatial distribution of clutter.

Until more auroral clutter amplitude data is gathered and interpreted the most .~
satisfactory method of estimating the morphology is probably to use the sporadic-E and Spread-F

statistics but to scale the occurrence probability in terms of a volumetric scattering cross- ~'.
section in the style of Elkins, (1979). In due course more data will become available from well
calibrated radars, and empirical auroral clutter models will follow. Progress on our physical -,.
understanding of the production of irregularities, and their relation to overall plasma dynamics,
can also be expected. A long-term aim would be a consistent model where the irregularity
structure was a consequence of the magnetospheric processes determining the ambient ionospheric_
morphology.

An estimate of the vector velocity of ionospheric irregular may be deduced from the high-
latitude plasma convection pattern which plays such an important role in the theoretical
modelling technique (Kelley et al, 1982). Additional information on the spectral spreading is . - J"
available separately from the work of Greenwald (1981).

6. RAYTRACING THROUGH IMPROVED IONOSPHERIC MODELS

For middle-latitude sky-wave paths it has proved possible to make optimum working frequency *'. ".
predictions using simple raytracing procedures. In many cases simple transformations are used
sc that oblique path performance can be inferred from vertical incidence critical frequencies.

The complexity of the high-latitude ionosphere demands that a more rigorous approach be
adopted in the prediction method. For HF radar system planning it will be necessary to use three
dimensional raytracing programs so that the troublesome clutter geometries and off great-circle
propagation can be identified. These raytracing procedures are now well established and can be
readily applied to a general ionospheric structure.

7. CONCLUSIONS

Within the last decade substantial advances have been made in our under standing of

processes in the high-latitude ionosphere. The development of a theoretical model is feasible and

would have immediate applications in HF sky-wave calculations. A better quantitative
description of high-latitude ionospheric irregularities is needed for HF prediction work and in
particular for HF radar system planning.
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.. PLASMA TUBES USED IN THEORETICAL MODELS

I'IME 14.00 UT .
Figure 4. Illustration of the convection of tubes of plasma along

trajectories determined by E x B forces.
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Figure 3 ) after steady state in a day-to-day sense has been reached.

The lower two scales show local time and invariant latitude (after
Quegan et al 1982).
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HIGH LATITUDE SPATIALLY ADAPTIVE PROPAGATION EXPERIMENT

by %~..
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and

Raymond A. Greenwald and Kile B. Baker ..

Applied Physics Laboratory *.~
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SUMMARY

A special HF phased array was used to obtain high latitude HF propagation data.
The antenna located at Goose Bay, Labrador, Canada, received HF transmission (8-20 MHz)
from Thule, Greenland. The receiving antenna at Goose Bay consisted of two parallel
linear arrays each with 16 horizontal log-periodic antennas. This system was used to
measure both the azimuth and elevation angle of arrival of the propagated radio wave.
Comparisons are made with model calculations and the received modes are analyzed
to determine the presence of ionospheric tilts.

-%

INTRODUCTION

Advancing technology in HF communications offers the potential for developing
* adaptive receiving antenna systems permitting effective communication in an environ-
* ment shared by other users of the radio spectrum, friendly or otherwise. However,
* there is very little information available today concerning the fluctuations in the

arrival angle of the HF radio wave over an arctic path, where ionospheric disturbances
and irregularities are prevalent.

For this reason a CW coded H-F sounding system over a path from Thule, Greenland,
to Goose Bay, Labrador, a distance of about 2600 kin, was established. Figure 1 shows
the geographical configuration of this almost north to south path and its relation
to the auroral oval. This system operated in a sounding mode and a Doppler spectral
mode. The sounding operation, where the frequency is stepped from 8 to 20 MHz in 10
kHz steps, is designed to characterize the propagation modes that are present at any
particular time. This identification is used to aid in the analysis of the vertical
arrival angle data. The oblique iomogram, takes 60 seconds to step through the 1200
frequencies and has a range resolution of 200 us (60 kmn).

The spectral mode is a more complicated mode since the system must operate totally
automatically and step through eight preselected frequencies in the 8 to 20 MHz band
to insure a successful selection in terms of which frequencies are propagating at the
particular time. For each of the eight frequencies, the system steps through eight
predetermined azimuthal beam positions and repeats this cycle 32 times so that there
are 32 complex samples for each frequency for each beam position. This cycle for each
frequency takes 6.375 seconds and is repeated four times in ten minutes with an 80

* second spacing. Figure 2 shows the schedule of measurements, typically performed one
day per week. Every three hours the system begins its 30 minute operation in both
the sounder mode and the spectral mode. The two sets of measurements take about ten
minutes and are repeated twice in the one-half hour. The cycle then begins again in
three hours and this continues to be repeated to complete a 24 hour period.

The antenna configuration at the receiver site at Goose Bay is shown in Figure 3.
It consists of 32 horizontal log periodic antenna elements arranged in two broadside
linear arrays of 16 elements each. The spacing of the elements is 16 m and the two .41
linear arrays are separated by 100 m in the direction towards Thule. A phased array %I

* network establishes 16 azimuthal receive beams with a 4 degree spacing, symmetrically
% located about the direction towards Thule. The eight beams used for these experiments

are shaded in Figure 3; the direction to Thule lies between bean numbers 4 and 5.

By analyzing the amplitude variations of the received signal as it appears in
adjacent beams, it is possible to determine the apparent azimuthal direction of arri- *

val of the Thule signal to within approximately one-half the beam spacing of 4 de-
grees. For this study emphasis has been placed on the vertical angle of arrival and
its variations. Using an interferometric technique for the elevation measurements,
the received digital output of the two linear arrays are recorded for spectral proces-

* sing and phase delay analysis at the laboratory. .

The observed phase delay between spectral components on the two arrays can be in-
* terpreted in terms of a vertical arrival angle, though with some ambiguity. This is

Now with the University of Lowell, Center for Atmospheric Research, Lowell, MA 01854.
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shown in Figure 4 where for two frequencies, 10 and 20 MHz, the phase delay vs. eleva-
tion angle has been plotted. As can be seen, the ambiguity begins at elevation angles
greater than 27 degrees. As will be shown later fron model calculations, the expected
elevation angles for one hop and two hop propagation nodes lie below 27 degrees and ..
the inherent ambiguity causes no problem.

For each sounding frequency the 32 data points for each azimuthal beam position
are Fourier transformed for each of the two linear arrays. Once the peak spectral
component is identified in terms of range and Doppler, the phase difference is calcu-
lated for these components on the two arrays. Then the elevation angle E is given by:P 4

E = arccos[*

where A is the measured phase difference
an X) is the wavelength

an Dis the array spacing 100 m.

ANALYSIS

For this preliminary report, data samples for the 17 March 1985 at 1403 UT have
been analyzed. The Thule to Goose Bay path lies sone four hours west of Greenwich
and this period represents a daytime measurement.

An example of the received spectrum for the two arrays at 8.41 MHz is shown in
Figure 5 for all the receiver bean positions. The solid curve is for the forward face
of the two linear arrays and the dotted curve for the rearward face. In this particu-
lar case the strongest signals arrive in beam 5 and because at these low frequencies
the natural beam width is approximately 13 degrees the signal overlaps onto adjacent
bean positi'ons. These spectra represent a rather benign ionospheric condition with
little Doppler shift on either array. Only the magnitude of the spectrum is shown in
Figure 5, though the phase information is available for use in the elevation angle
analysis.

Figure 6 shows the time variation of the elevation angle for 8.41 MHz at several
range gates, spaced by 60 km. It is clear that ranges 7 and 13 lie at the edge of the

* received signal and should not be considered. The signal itself is spread over several
range bins from 8 through 11. All of these range gates result in a similar elevation
variation averaging 26 degrees with small fluctuations. Figure 7 shows the measured
elevation angle at four frequencies. While the 8.4 MHz curve averages approximately
260 elevation, the three higher frequencies are in the 140 to 160 range. This will
be explained below when the mode analysis is discussed.

For the mode analysis the IONCAP program developed by the Institute of Telecommuni-
cation Sciences was run for the specified experimental conditions at low sunspot number.
Figure 8 shows the synthesized oblique ionogram for the path from Thule to Goose Bay
at 14 UT. The numbers printed on the curves identify the elevation angle for each mode
at each frequency. The 1F2 mode has an average elevation angle of 7 degrees while the
2F2 mode averages around 21 degrees. The Maximum Usable Frequency (MUF) for each mode
is obtained from this median prediction program: the MUF(1F2) is about 14 MHz while ~
MUF(2F2) = 8.5 MHz and there is no frequency overlap between the one hop and two hop .

modes, typical of daytime propagation. To the extent that this simulation represents
the real world, it is reasonable to expect the 8.4 MHz signal to be a two hop mode while
the higher three frequencies to be one hop modes. The elevation angles for these two
modes have also been indicated on Figure 7. In both cases, one hop and two hop, the
observed elevation angles are greater than predicted by IONCAP. This can result from
either an F2 layer which was higher than assumed by the model or by a tilted ionosphere.
Both conditions are possible, though with this limited data it is difficult to separate

* these two effects. The IONCAP program assumes a horizontal stratified ionosphere, that
is, no tilts are assumed in the ray tracing even when the local ionosphere has a hori-

* zontal gradient.

Using simple geometry for a curved earth, it is possible to analyze these results
in terms of a locally tilted ionosphere. Assuming a reflection height of 300 km and
no horizontal gradients, the expected arrival angle is 8 degrees, very close to the
IONCAP value for the one hop mode. If the measured arrival angle is 16 degrees then
a tilted structure can be assumed and it is possible to calculate the required tilt %0
aagle. This simple analysis yields a tilt angle of approximately 3 degrees and a dis- % 0.
placement of the reflection point of about 400 km from the midpoint of the path towards
the receiver. These calculated numbers do not change very much if a reflection height
of 400 km is assumed and these results indicate a likely tilt angle of 20 to 30 in the ml
polar ionosphere. This is a relatively small and realistic tilt that is likely to exist
in that ionosphere. .

CONCLUSIONS

This technique provides a measure of the fluctuations in arrival angle of an HF
signal, both in azimuth and elevation and will produce the data base necessary to de-
velop algorithms for adaptive antenna control in the arctic environment.



3.2-3

ACKNOWLEDGEMENT

The authors wish to recognize Mr. D. Mark Haines and Mr. Bertus Weijers who did
the detail design of the software for signal transmission and the instrumentation for
the Thule, Greenland site. We appreciate the cooperation of the Air Force Geophysics
Laboratory and their contractor, Canadian Marconi, who support this experiment at the
AFGL Goose Bay Ionospheric Observatory. Special thanks to Mr. J. Waaramaa of AFGL
who provided the supervision necessary to have the Goose Bay antenna array erected.

0~~~, 3 6 9 2 1 8 2

SS : -W3ta Mod.

30 4

Figure 1. Communication Path, Thule -Goose Bay '

-*-.* -d..,

Fl F2 F3 , F5 F1n200
a1 so 1I 21 -* 5

SF. * Sp.trI od

I I I I I I 1 % 1(
0I 30 45-

,,r,,t,..i.h..

Sapl No I Sapl " No 2 ape o3
Fl FS F3 R ER REHIEA 

'S al'0

0 00 10 ISO 200 59950

T-or (or$.

*.31 bhr ph o 04 rllir.Ir 3 lr'oro, .

1 1 I I 1 . . . . .

O 0 0 3O4 50 0 10 80.',

S r~g4 NO I Siirpl. No 2 Simrple No 3? .'i '

T,. r.)

Por -h fore e Yy F, thr. 32 fnlf 1,,ohof8eo ,d,,..I . ,5 Samek. 7. :
,rw Fop n t -11-,odo- od.

Figure 2. Experiment Test Plan



3.2-4

THULE

27*Eof N
2:fW of N AZIMUTH ANGLE

N

p %

3O~--

LOG PERIODICS -HORIZONTALLY POLARIZED

. 'O

Figure 3. Antenna array - Goose Bay

REGION OF f-20MHz -
INTEREST

________f 1-10 MHz
36)0

270 ~"~

U

0.-

Figure 4 ~ VetclAgeo rivlvru hsa



3.2-5 - ,

DOPPLER SP6TRA FOR RANGE 7

r-MAR- 85 4310 FREfl-8410 SNR
Is

32
A 33

32

23

28
-2000 0 2000

DELTA F ANTI

ANT2

Figure 5. Example of Doppler Spectra

.--------------------- ------ .+-- -+ DELAY13

> + -_ _ +._ 9

301-

+ . + DELAY7

.4

1403 1404 1405 406 1407 "

TIME (LIT)

Figure 6. Time Variation of Arrival Angle for 8.410 MHZ at 1403 UT Beam 5

...'-.,.



r' -- - - - , T- IT 7 -

3.2-6

8.4 MHZ

14.4MHZ ,

I HO (INCP

1403 144 4M146 40

TIME (UT)- -

Figure 7. Measured Elevation Angle of Arrival-I7 Mar 1985

THULE -GOOSE BAY

17Mar 85
3F2 SSN=O

12 0=2582km
1400UT

~ ~~2F2_

E 1
IF2

&6 7.4

* 7

6
4 6 8 10 12 141618 20

FREQUENCY (MHZ).>'

Figure 8. Synthesized Oblique lonograms using IONCAP 3 .!~

%,



3.2-7 F

DISCUSSION

J.Belrose, CA
What is the height of your log periodic aittennas?

Author's Reply
50 feet.

J.Belrose, CA
In which case the response of your antenna systems for signals arriving at low angles above the horizon is poor. At 14
MHz the main vertical lobe would be directed at about 32. at 8 MHz this angle is greater than 40 °.For improved low
angle operation you should have employed vertically polarized log periodic antennas.

Author's Reply .
Although I am not certain of the exact peak elevation angles for these antennas you are correct in stating that the low ""
angle performance will be down from the peak but only around 8 to I 0 dB. It is not clear at this point whether this A
reduced response would affect the detection of the I hop signals given that what we supposc is a 2 hop signal is some 30
dB above noise. We are continuing to look into this question.

T.B.Jones, UK
A major problem in this type of observation is the non-linearity of the incoming wave front. Have you compared your
measurements with the extensive work undertaken at CRC Canada, presented at previous AGARD conferences?

Author's Reply
Non-linear wavefronts result when several signals propagating to the radar from different directions are combined. This
question correctly recognizes that the determination of a meaningful arrival angle assumes a linear wavefront. The
requirement is to separate the arriving signals into their angular components before attempting to determine the arrival
angle. Two types of processing are considered for this purpose. For the present experiment, which uses a deterministic
beam former, we used Doppler frequency processing to resolve the several propagating components that make up the
irregular wavefront. This approach assumes that each angular component has a distinguishable Doppler frequency. If
this is not the case, then an error will be made in determining the arrival angle. An alternate approach is to use an
antenna array with sufficient angular resolution to separate the various propagating components. -. '
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TECHNIQUES FOR IMPROVING THE RELIABILITY OF MOBILE HF Sol

COMMUNICATIONS OVER HIGH-ABSORPTION PATHS

by

M.Darnel_
Dept. of Electronics
University of York

Heslington
York YO1 5DD, UK

SUMMARY

The paper is concerned primarily with system design aspects of the mobile HF
communications problem in high-latitude regions. It attempts to identify the various t.r .i
techniques available for enhanced reliability of reception under high-absorption
conditions and to indicate how these can be coalesced into an improved HF system
design.

The basic problem associated with excess absorption is that received signal-to-
noise ratios (SNR's) are lower than those which might be expected for say mid- . -
latitude paths. Thus, the paper considers specific methods by which the value of the
SNR required at the receiver can be reduced, either directly or effectively.
Techniques discussed include:

(a) the use of various forms of diversity processing, emphasising the value of
path/geographical diversity combining;

(b) relaying out of the disturbed region with a view to avoiding the perturbed
ionosphere and operating the transmitting antenna system more efficiently at a .
high frequency;

(c) the use of meteor-burst and ionospheric scatter communication to complement
normal HF communication;

(d) the use of modulation and coding schemes requiring a relatively low SNR at the
receiver.

(v) system control procedures.

1. INTRODUCTION

This paper considers methods by which the reliability of HF communication
systems incorporating mobile terminals can be improved in high-latitude regions. The
major propagation mechanisms which can influence HF communications in these zones are
(Thrane, 1983):

(a) polar cap absorption (PCA) events due to the influx of high energy protons and
alpha particles penetrating to the lower ionosphere: such events may persist
for several days, causing severe attenuation of skywave signals and an effective
communication "blackout" over a wide geographical area;

(b) auroral absorption, caused by high energy electrons penetrating the ionospheric
D-region: this source of signal attenuation typically persists for a few hours
only and affects a more restricted geographical area than does a PCA;

(c) irregular behaviour of sporadic E-layer, spread F-layer and auroral oval
propagation modes, giving rise to abnormal and variable multipath time spreads; %

(d) abnormal doppler shifts and phase instability of received signals due to the
variable nature of the high-latitude ionosphere, manifesting itself in the form . o ./..

of very rapid signal fading;, .

(e) large variability of maximum usable frequencies (MUF's) from very low to 0.
abnormally high values: the former may result in spectral congestion and hence
high levels of co-channel interference, whilst the latter may allow HF type ."
propagation to take place in an extended frequency range above 30 MHz.

Clearly, the propagation environment in polar regions is relatively unstable and .W -.
unpredictable, thus limiting the effectiveness of off-line propagation analysis
programs.

The emphasis in this paper is on HF systems involving mobile terminals such as
ships and aircraft. In addition to the natural difficulties arising from the
propagation medium, mobile terminals have certain other fundamental weaknesses when
contrasted with fixed, or land-based, HF stations; these include:

(a) comparatively low transmitter powers, limited by the generation capacity of the
mobile platform;
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Cb) simple, narrovband, and relatively inefficient transmitting antennas, with
minimal directivity;

(c) electromagnetic compatibility (EMC) problems due to the HF communications
equipment being co-sited with other electromagnetic systems such as radars and
communications transmitters in other frequency bands;

(d) a propagation path which, in addition to the sources of variability mentioned % -
previously, is also affected by the constantly changing position of the mobile.

Land-based (fixed) stations, on the other hand, can use high powers and %
efficient and directive antennas, coupled with electrically quiet receiving
locations. It is also relatively straightforward to provide interconnections between
fixed sites to give a capability for networking.

In military applications, mobile terminals may represent a particularly vital
element in the operational strategy: as a consequence there may be additional
requirements placed on the mobile to function in such a way that the probability of ,
its transmissions being decoded, intercepted, located or jammed is minimised.

Mobile terminals operating at high-latitudes can thus be considered as a class
of "disadvantaged" users of the HF spectrum, who may nevertheless be required to
communicate reliability and securely over a wide geographical region, possibly via an
ionosphere exhibiting severe irregularities.

It will be shown in Section 2 that the design of many mobile HF systems takes
only limited account of the problems listed above. The later sections of this paper
are used to develop a design philosophy which will allow more reliable operation.
This design exploits the strengths of fixed terminals and minimises the effects of
any problems associated with mobile terminals, at the same time placing as few '
constraints as possible upon mobile operational flexibility. In essence, the
complexity of the design resides in the fixed terminals of the system, with the %W
mobile equipment being kept simple. Extensive use is made of diversity processing to
reduce the required average signal-to-noise ratio (SNR).

2. EXISTING HF COMMUNICATION SYSTEMS INCORPORATING MOBILE TERMINALS %

In a generalised HF communication system incorporating both fixed and mobile
terminals, there may be a requirement for any of the following:

(a) fixed terminal-to-fixed terminal communication;

(b) fixed terminal-to-mobile terminal communication;

(c) mobile terminal-to-fixed terminal communication;

(d) mobile terminal-to-mobile terminal communication;

The manner in which each of the links above is currently implemented will now b,
outlined briefly.

2.1 Fixed Terminal-to-Fixed Terminal

Because relatively high transmitter powers and directive antennas can be
installed at fixed sites, the engineering of a fixed terminal-to-fixed terminal link
can normally be accomplished to give a reasonable communications reliability - at
least for simple forms of traffic, eg low-speed telegraphy data and analogue speech.
However, digital data, or digital speech, at say 2.4 kbits/s will present a greater
problem, and circuit reliabilities for this form of traffic will be relatively low.

If a fixed link operates with a defined frequency complement on a regular
schedule, there will be a significant frequency "airing" effect which will tend to
deter other users of the spectrum from encroaching upon those frequencies, thus
minimising the levels of co-channel interference.

2.2 Fixed Terminal-to-Mobile Terminal

Fixed terminal-to-mobile terminal communication is frequently implemented via a
broadcast-type system; this again allows high transmitter powers and directive ..-.
antennas to be used at a fixed site in order to radiate signals simultaneously to
multiple mobile terminals, possibly situated anywhere within a wide geographical
region.

A basic broadcast system operates on the principle of long-term frequency
selection diversity; Figure 1 illustrates the principle. It is seen that at any time .. .
of day, the same traffic signal will be radiated on a number of distinct frequencies
or components, with the assumption being that at least one of the components will "
propagate effectively to any given mobile. The frequencies must therefore be chosen
to provide a compromise coverage over the complete mobile operational area for both
day and night conditions.

Typically, each component will comprise multiple sub-channels arranged within a .
nominal channel bandwidth, as shown in Figure 2. The sub-channels correspond to, L.. . - .
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traffic signals originating from various message sources; a given mobile will only
extract those sub-channels of interest to it from the multiple sub-channel raster.
If all sub-channels are not assigned, it is possible to transmit the same informationon more than one sub-channel to provide in-band frequency diversity. In Figure 2,
the i sub-channel is employed for engineering order wire (EOW), or system control,
purposes.

The system thus has the potential for frequency diversity at two levels: a
given mobile selects the best component in terms of received SNR and, within that
component, may also be able to apply in-band frequency diversity combining.

It is also possible for the same broadcast traffic to be radiated simultaneously
from different fixed sites, giving path diversity in addition to frequency diversity.

2.3 Mobile Terminal-to-Fixed Terminal

The mobile terminal-to-fixed terminal situation is, in many respects, the
complement of that discussed in Section 2.2. Two basic options exist as indicated in
Figure 3: the first where the mobile must accessa single fixed terminal; the second
where a number of'alternative fixed terminal accesses are available. For the
situation shown in Figure 3(a), there may also be occasions when a bi-directional,
full duplex link must be engineered between the two terminals. This can be difficult
to maintain because of changes in mobile antenna characteristics as it changes
position and orientation, coupled with the need for co-ordinated frequency changes.

In Figure 3(b), the mobile has a choice of fixed terminals with which to
communicate. If the fixed terminals are widely separated, there will be a high
probability that both propagation and co-channel interference effects will be largely
decorrelated at the various locations. Thus, it can be expected that at least one of
the fixed terminals will be able to receive the mobile traffic in a reasonably
optimum manner over the complete ranges of time and position; this traffic can then
be passed to the desired recipient by HF or non-HF communications links from the
fixed terminals.

2.4 Mobile Terminal-to-Mobile Terminal

Figure 4 shows the two basic methods by which a mobile terminal can communicate
with another mobile terminal. In Figure 4(a), the mobiles communicate directly via
skywave or surface wave HF propagation. In the latter case, vertically-polarised
antennas mounted on ships allow links to be established over distances up to a few
hundreds of kilometres. Skywave links over comparable ranges necessitate high-angle
propagation via horizontally-polarised antennas, which may be difficult to mount on
ships. Both terminals suffer from the fundamental limitations listed in Section 1,
and thus direct mobile links are difficult to operate reliably over a wide range of
distances.

Figure 4(b) illustrates an alternative arrangement in which traffic is routed
from one mobile to another via a fixed "relay" terminal. In this case, the
advantages of the fixed station can be exploited in its relay role and communication
between mobiles can be maintained over a wider range of distances with greater
reliability - at the expense of more sophisticated control procedures.

HF links of various types are normally controlled by using data obtained from
off-line propagation analysis programs, eg (Bradley, 1975). More recently, various
forms of real-time channel evaluation (RTCE) are being used to aid frequency
selection and system control (Darnell, 1978).

J- 3. THE VALUE OF DIVERSITY PROCESSING IN HF COMMUNICATIONS

It has long been recognised that diversity processing of various types can be
applied with advantage to HF communications. The most widely-used types are: " -

(a) spaced receiving antenna diversity;

Cb) diversity obtained from receiving antennas of different polarisations;,, -.

(c) frequency diversity, either within a given assigned channel or over different
assigned channels;

(d) time diversity, in which the same signal is repeated at different time offsets;

(e) diversity arising from the availability of independent multipath components.

All forms of diversity combining require there to be available two or more
independently-derived received versions of the wanted signal. Under these
circumstances, fades or interference affecting one version may be decorrelated with
similar mechanisms affecting the other version(s), thus allowing a better overall
signal estimate to be derived by using information from all versions (Stein & Jones,
1967).

Figure 5 shows the reduction in received SNR admissible, under Gaussian White
Noise (GWN) and Rayleigh fading conditions, when 2nd and 4th-order selection
diversity combining is used rather than non-diversity reception. It is seen that for
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dual-diversity combining, an SNR reduction of about 10dB can be expected for an error

probability of 1 in a 1000 -equivalent to a ten-fold increase in transmitter power, u
or the difference between an omnidirectional and a highly directional receiving
antenna (Darnell, 1985).

In Section 2.3, a network of w idely- separated fixed terminals for the reception
of mobile transmissions was described. This concept will now be extended to that of
a geographical diversity" system in which data from a number of spaced receiving
stations can be combined in a systematic manner to provide an improved estimate of a
desired mobile transmission. The value of such path diversity in improving
communication availability been demonstrated experimentally (Rogers & Turner, 1985).

Figure 6 is a schematic diagram of a geographical diversity network involving
multiple fixed terminals interconnected by means to be described in Section 4. The
basis of operation of the network is that transmissions emanating from a given mobile -

* normally be skywave, but may also be surface wave; these paths can be considered as
independent if the separation of the fixed terminals is chosen appropriately..100.

*Similarly, interfering transmissions will also be received via independent paths. ',. .,
Thus, taking the network as a whole there will be a high probability that the signal e
and interference conditions on those links which are propagating between mnobile and
fixed terminals will be uncorrelated. This situation lends itself to some form of
diversity combining in which all received versions of the mobile signal are brought
together at a central control and processing site to allow an improved signal
estimate to be made. There are several possible combination algorithms which could
be considered, eg: : '-.

(a) selection of the path giving the greatest SNI( at any time, ie selection
diversity combining;

(b) alternative classical forms of diversity combining such as maximal ratio (Stein
£Jones, 1967);

* (c) operation on the demodulated and shaped versions of the propagating received
*signals by say majority voting;

(d) more elaborate combining techniques applied to demodulated and shaped signals,
taking account of soft-decision data associated with the received data symbols.z

*The most important considerations associated with the establishment of a%
geographical diversity network will be reviewed in the following three sections. -

4. GEOGRAPHICAL DIVERSITY NETWORK: INTERCONNECTION CONSIDERATIONS .. ~Z
The fixed terminal interconnections shown in Figure 6 are clearly vital to the "

operation of the system; they need therefore to be robust and reliable. The
following media may be considered for interconnection purposes:

Ca) HF skywave and surface-wave point-to-point links; .

(b) meteor-burst links;

Cc) ionospheric or tropospheric scatter links;

(d) satellite links;

(e) some form of common-user telephone/t elecommun ication system, eq such as those
implemented by PTT's. ..-

Links of types Ca), (b) and Cc) are essentially "stand-alone", point-to-point
interconnections, whilst (d) and Ce) require the availability of separate.
communications systems, possibly controlled and operated by independent

organisations. Hence, from the viewpoint of survivability in the face of physical or
candidates will now be discussed in greater depth.

4.1 HF Interconnection

In a geographical diversity network of the form proposed, fixed receiving
terminals may be separated by distances from say a few hundreds of kilometres to

s everal thousands of kilometres. Interconnection via HF links will thus involve
sywave, and possibly surface-wave, paths exhibiting a wide variety of propagation

characteristics. There is a need for data transfer between terminals to be effected
with high integrity and resistance to disruption. This will require links with
sophisticated and possibly embedded RTCE (Dawson & Darnell, 1985), together with
adaptive error control CHellen, 1985). inevitably, the data rates which can be
sustained reliably will be relatively low.

4.2 Meteor-Burst Interconnection

Meteor-burst links (Bartholome' & Vogt, 1968) make use of the short-duration
ionised trails, caused by the passage of micrometeorites through the lower
ionosphere, in order to reflect radio wave energy. Such links are naturally ... y
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intermittent, although the statistics of meteor trail occurrence are relatively
predictable. It has been demonstrated experimentally that average data rates of a
few hundreds of bits/s can be sustained over a complete 24-hour periDd, which would
normally be sufficient for the role envisaged here. The diurnal and seasonal
variability of meteor-burst links is lss than for the corresponding HF skywave
links; they are also less susceptible to excess absorption effects following severe
ionospheric disturbances. "

The most effective frequency range for meteor-burst operation is from about 25
to 100 MHz which allows compact, efficient and directive antennas to be used.

4.3 Ionospheric or Tropospheric Scatter Interconnection

Ionospheric scatter propagation makes use of radio wave energy scattered by the
lower ionsphere (Bartholome & Vogt, 1965). Tropospheric scatter propagation employs
scattered energy emanating from the troposphere (Yeh, 1960). Since the troposphere & .
is at a much lower altitude than the lower ionosphere, the ranges achievable by
tropospheric scatter are substantially less. In both cases; the scatter loss is highNN

-% which necessitates the use of high transmitter powers and directive antennas to
illuminate the "scattering volume" efficiently.

Propagation via these scattering mechanisms is relatively reliable, although
significant fading may occur.

4.4 Satellite Interconnection

Inexpensive and reliable satellite links are becc,ming available, although there
may be coverage limitations at high latitudes. In a military context, the HF system
should operate as an independent entity under threat conditions which might involve
the satellite being jammed. For this reason, such links are not considered suitable
for interconnection purposes, although they may be useful in benign operating
environments.

4.5 Common-User System Interconnection

Possibly the cheapest interconnection medium is a PTT-type of network in which
all fixed HF terminals and control sites are subscribers. Again, this has the
disadvantage that it can be disrupted by physical or electromagnetic attack.
However, the diversity of propagation media and routes makes it inherently more
robust than a satellite system alone.

Practically, a combination of interconnection media would appear to offer the .-
best prospect for reliable operation over the whole range of operational conditions.
Transmission systems covering say the range from 2 to 60MHz, having relatively high '-*
radiated powers (a few kW) and directive antennas, could form the primary basis for- 4
interconnection; they could operate in HF skywave, HF surface-wave, meteor-burst or
ionospheric scatter modes, as available and appropriate. Also, a parallel
interconnection could be established via a PTT network.

Obviously, some delay will be introduced into the reception of mobile terminal
signals by the need to transfer data around the network. This delay will tend to
increase as the number of mobile terminals accessing the network simultaneously
increases. The longer the delay which can be tolerated, the greater is the potential
for accurate reception. In general, it can be expected that the fixed terminal
interconnections will be able to sustain a higher average data rate than that which
will be associated with the mobile-to-fixed terminal transmissions. The effect of
delays can be minimised by the signal design and network control strategies to be
discussed in the following sections.

5. GEOGRAPHICAL DIVERSITY NETWORK: SIGNAL DESIGN CONSIDERATIONS

From the discussion in Section 1, it is seen that the high-latitude ionosphere *,' .
can be subject to severe natural disturbances giving rise to excess multipath delay,
signal fading, low signal levels and possibly abnormal doppler spreads or extreme
phase instability. Under these circumstances, it is necessary to use robust
transmission formats which are resilient to such perturbations.

It has been shown experimentally that the information transfer capacity of an HF
skywave channel varies continuously with time due to propagation and interference
effects (Darnell, 1977) and can only be considered constant over relatively short
intervals of time. For this reason, a "window" model of HF propagation was developed
(Darnell, 1983). This indicates that the natural mode of operation for HF skywave
transmission is one in which the data is block-formatted, eg via an automatic repeat
request (ARQ)-type system (Van Duuren, 1951).

5.1 Mobile Signal Formats

Normally, it will be necessary for a geographical diversity network to handle
signals originating from several distinct mobiles. A block transmission format would
be convenient since it would allow simple time and frequency multiplexing to take
place, with only one mobile using a particular frequency at a specific time. To
allow this, accurate time and frequency standards would have to be available at all
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terminals in the system, but this can now be accomplished relatively simply and
economically.

The major requirements for a robust mobile transmission can be summarised as
follows:

(a) that its time of occurrence and frequency of propagation are accurately
controlled;

(b) that the SNR required at the receiver for a specified error rate is minimised;

(c) that no elaborate synchronisation techniques are necessary;

(d) that long multipath delays can be tolerated;
(e) that high levels of phase instability can be tolerated; ......:i  !

'l

(f) that moderate doppler frequency offsets can be tolerated;

(g) an ability to operate in any of a limited number of modes which can become
progressively more robust as propagation conditions deteriorate;

(h) that signals should be digital to enable data to be protected by encryption.

A possible signal format on which the mobile transmission could be based is
basic wide-shift FSK, in which detection is accomplished by a Law assessor
arrangement (Alnatt et al, 1957) giving the effect of dual, in-band diversity under -
frequency-selective fading conditions. Simple block error control codes could be
applied to the data blocks, with more powerful (more redundant) coding being used as
path conditions worsened. In extreme cases, the mobile would simply repeat its
message many times to allow signal averaging to be employed at the receivers. Under
white noise conditions, signal averaging improves the effective SNR by a factor
proportional to the square root of the averaging time (Hewlett-Packard J, 1968).

Under poor SNR conditions, a trade-off must be made between SNR and transmission
time; ie as the SNR reduces, the user must allow more time for the transmission of a
given message if it is to be received with a specified level of fidelity. In effect,
variable redundancy error control is required (Hellen, 1985). "',--

In circumstances where frequency offsets are negligible and short-term phase
stability reasonable, systems of the PICCOLO type (Bayley & Ralphs, 1972) or reduced
multiple FSK systems, eg (Chapman, 1985), would provide robust communication.

In general, transmissions should be designed so that soft-decision data, or

confidence information, can be extracted readily at the receiver.

5.2 Interconnection Signal Formats

Most of the comments made above in the context of mobile signals also apply to ... .
signals transferred over the interconnection links between fixed terminals.

Labelled data blocks relating to the signals from specific mobiles would be a
convenient vehicle for passing data between the fixed nodes and the
control/processing site.

In principle, the design and operation of reliable point-to-point links is a
simpler problem than is the design of a mobile-to-fixed link because more efficient
antennas and higher transmitter powers are available. Again, an ARQ mode of
operation would seem to be appropriate (Dawson & Darnell, 1985), since this would be
well-matched to the characteristics of the interconnection media proposed, ie HF
skywave, meteor-burst or ionospheric scatter.,...

6. GEOGRAPHICAL DIVERSITY NETWORK: SYSTEM CONTROL CONSIDERATIONS

From the previous section, one of the potential problems which can be identified
is that the maximum capacity required for the interconnection links is considerably %
greater than for the mobile-to-fixed links. This arises because the interconnection .e
links may be carrying simultaneously information relating to:

(a) a number of distinct mobile transmissions;

(b) system control data for the network.

These will now be discussed in greater depth, together with other considerations

affecting the control of the network.

6.1 Data describing Mobile Transmissions

One mode of operation for a geographical diversity system is where the various P
versions of the mobile signal received at the different fixed terminals are
demodulated and reconstituted at those terminals, with the reconstituted data being
forwarded to the site where combination is to be carried out. A further retirement
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to this process could be the transmission of soft-decision data, relating to each of
the detected data elements, to the combination site. Alternatively, the complete ~
analogue baseband signal from each fixed receiving terminal could be forwarded to the .

combination site. In the latter two cases, the information carried by the
interconnecting links would be considerably increased in comparison with that
contained in the original signal transmitted by the mobile. However, since the
mobile transmissions would normally be of short duration, this data expansion would
be acceptable of some decoding delay is admissible. S .

6.2 System Control Data

% ~~~It will1 a lso be n ecessary f or sys tem control da ta to be tr an s ferred on a r egula r
4. ~basis between fixed terminals, simply to maintain the integrity of the network. This .. J

system control data would relate to frequency selection options, available data
rates, changes in coding levels, etc. It is envisaged that, in a ARQ-based system,
the capacity overhead associated with this data would be relatively small.

6.3 Frequency Management

Frequency management of a geographical diversity system would logically be
carried out at two levels:

(a) on a link-by-link basis;

(b) on a network basis.

In the former case, each of the interconnection links would have its own ~ ,~

embedded RTCE and protocols (Dawson & Darnell, 1985) operating over the frequency.*
range of from 2 to about 60 MHz. The propagating mechansism giving the greatest
predicted SNR would typically be selected. "

* At the network level, there is a need for a more sophisticated RTCE procedure
which attempts to assess the general propagation state of the region in which the
fixed and mobile terminals are situated. This could be accomplished by either a
vertical-incidence ionosonde placed at the eastern edge of the region, or by oblique-
incidence sounding carried out between the fixed terminals of the network.
Measurements of this type would indicate the onset of ionospheric disturaces and
possibly their approximate geographical extent.

An additional function of the overall frequency management would be to ascertain
the extent to which frequencies could be shared or re-used by different fixed
terminal interconnection links.

46.4 Other Control Functions

In military operations, the control of the communications system must, in part,
be directed towards maintaining the security of the mobile traffic. Thus, the mobile
would, for example, be assigned frequencies which would have the minimum probability
of being intercepted or disrupted in the prevailing propagation conditions. Also, 4..

* the mobile would exercise radiated power control (RPC) in response to control data
sent to it by the fixed network.

The system control procedures would also seek to make maximum use of relatively
local and transient propagation phenomena as they became available. There would also Z
be a need to reconfigure the fixed terminal interconnections in order to avoid
localised ionospheric disturbances. In this context, Figures 7 and 8 illustrate the
benefit to be gained from the use of a geographical diversity network. Figure 7
shows a situation in which an ionospheric disturbance affects the skywave path
between the mobile (M) and a fixed terminal (Fl); the skywave path to fixed terminal

MF), at a greater distance from M, avoids the disturbed region completely, as does
the interconnecting path between Fl and F2. Figure 8 is a more complex situation . .

where the region of disturbance affects both the mobile-to-fixed terminal (Fl) path
and interconnections from Fl to F3, and from Fl to F4. In this case, the
interconnecting links must be re-routed as shown to maintain network connectivity.

%* %b.*

Clearly, similar re-configuration procedures could be employed to offset C

attempts to disrupt mobile transmissions reaching specific fixed terminals.

7. GEOGRAPHICAL DIVERSITY NETWORK: SYSTEM DESIGN CONSIDERATIONS *

An attempt will now be made to coalesce many of the concepts outlined in the
previous sections of this paper into an overall system design to provide improved HF
communications reliability and survivability, particularly in high-latitude regions. -

Figure 9 illustrates a possible format for such a system in which mobile-to-
fixed transmissions are received by a geographical diversity network, whilst fixed-
to-mobile transmission is carried by single broadcast system sited at a convenient
location.

System control and signal generation and combination are carried out at a
specified control and processing site. Interconnections are implemented by 2 to 60
MHz ionospheric links, or via a PTT network, as appropriate. Broadcast traffic for
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all mobiles in the operational area is transmitted using a multiple sub-channel
format from which each mobile can extract the data addressed to it. The EOW sub-

.channel of the broadcast is used to request repeats of mobile data blocks received in
corrupted form, and also to disseminate frequency management data to all mobiles who %
may wish to access the system.

Data transfer between the HF system and message originators and recipients can -.l
be effected via a PTT network or possibly via other dedicated HF or non-HF links. V,

Figure 10 shows an alternative system format where the centralised broadcast
system of Figure 9 is replaced by a distributed network of lower power transmitters, "
possibly co-sited with the fixed receiving terminals. Thus in principle, for any
specified mobile position, a broadcast transmitter site having maximum probability of
successfully propagating to that mobile can be selected - as illustrated in Figure
10.

8. CONCLUDING REMARKS"

This paper has identified the problems associated with mobile HF communications .- .-
in high-latitude regions. Outline solutions to these problems have been proposed
based upon a network of geographically-dispersed and interconnected receiving ,-
terminals.

Interconnection options have been considered for:

(a) a "stand alone" network;

(b) a network which makes use of communication media other than HF for *.' ,
interconnection. ? ., . •

A distributed network of the type illustrated in Figures 9 and 10 poses
additional control problems. However, the increase in operational flexibility and **.-

robustness potentially available from such a system would appear to merit further
research. In particular, the ability to reconfigure in the face of ionospheric .-
disturbances, or physical or electromagnetic attack, would be most valuable.

Several areas for further investigation can be readily identified, ie:

(a) the problems of frequency management on a network basis, coupled with the
development of appropriate RTCE procedures; .

(b) the development of optimum signal formats and coding algorithms for the complete
range of path conditions likely to be encountered;

(c) the development of say 2 to 60 MHz interconnection links capable of exploiting a
variety of modes of propagation;

(d) techniques for disseminating control information to all points of the network. --

It should be stressed finally that a system design of this nature would be
capable of handling relatively resricted data rates, eg low-speed telegraphy. Data "
rates compatible with secure speech transmission (1.2 to 2.4 kbits/s) could not be
sustained by such a system.
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DISCUSSION

C.Goutelard, FR
Vous parlez de transfert de l'information en blocs courts. L'apparition des erreurs et leur distribution depend non
seulement de la liaison (bilan de liaison, bruit local...) mais aussi du modem.

Au congres AGARD de juin 1984 nous avions prdsente un systeme de correction d'erreur sur un modem auto-
adaptatif et nous avions trouv6 que pour gagner un facteur 100 sur le Taux d'erreurs il fallait utiliser des blocs de 7000
bits d'information.

Pouvez-vous pr~ciser ce que vous entendez par blocs courts? Avez-vous des ordres de grandeur des longeurs
utilisables?

Author's Reply
It is not possible to specify a single block length which will be applicable to all HF skywave paths and all modulation
schemes. Rather, the transmission system must be configured to work in a basic block mode, with the actual length of
the block being determined on-line as a result of channel evaluation (RTCE) measurements, modulation type and data *-.-. ,.",,

rate in use.

P.S.Cannon, UK
COMMENT: In designing a geophysical diversity system for operation at high latitude it is important to know the
necessary spacing of stations. The work of John Hargreaves, which gives the probability of riometer absorption at one
location given a riometer absorption of a certain magnitude at another location, would be extremely useful in this
regard.

,. .. ,

". .

•.. ,. %

.*4 . . .- ,
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PROPAGATION CHARACTERISTICS OF MEDIUM FREQ.UENCY SKYWAVE SIGNALS
FROM THE CONTINENTAL U.S. AND CANADA

RECEIVED AT FAIRBANKS, ALASKA

Robert D. Hunsucker and Brett S. Delana
Geophysical Institute
University of Alaska

Fairbanks, Alaska 99775-0800

John C. H. Wang 'I'
Office of Science and Technology ., 

-

Federal Communications Commission

Washington, D.C. 20554

SUMMARY

Since September 1981, an F.C.C.-sponsored medium-frequency (HF) skywave monitoring program has been
in continuous operation at the Geophysical Institute of the University of Alaska. The receiver frequency
is automatically stepped through 16 channels every five minutes by the system programmer. Recordings
are continuously made of ten or more standard broadcast stations on digital tape cassettes, which are
then transferred on a weekly basis to form a data base on a VAX 11/780-785 computer. A noise source has
also been provided for system calibration. Three antennas have been utilized during the program to

-• date, a 32-meter top-loaded vertical with ground screen being the primary antenna. Measurements of the ,--F

electrical characteristics and computer modeling of the antenna systems have been made, and selected J, %
results are presented, as well as daily, seasonal and sunspot variation effects on measured HF skywave

.*, signal strengths. The summer/winter and magnetic activity effects are profound on medium and long-distance .
paths to Fairbanks. Present plans are to continue this monitoring program until Fall 1987 - at least
half of a sunspot cycle.

I. INTRODUCTION

Because of Alaska's particular location in respect to the contiguous United States, its rugged .- '
terrain with inhomogeneous ground electrical characteristics and its aurorally-disturbed ionosphere,
sky-wave radio propagation between Alaska and the continental U.S. abounds with anomalies. This is .-
especially true in the medium-frequency (HF) portion of the radio spectrum (300 to 3000 KHz) where the
U.S. standard broadcasting service operates.

Assignment of broadcast band channels in the high latitude areas (e.g. Alaska) has, until now, *

been based on Part 73 of the Rules and Regulations of the Federal Communications Commission (FCC)
which, among other things, contains MF skywave field strength curves. The data used to establish
these curves were acquired essentially at midlatitudes, hence these curves do not fully represent
propagation conditions in the high latitude areas. The FCC and the opert.tors of Alaskan broadcasting
stations have recognized this problem for some time and the result has been the implementation of a
research program at the Geophysical Institute of the University of Alaska-Fairbanks to provide new MF
skywave data over the appropriate paths. The study started at the Geophysical Institute May 15, 1981,
and we hope to continue it through 1987 in order to describe HF skywave behavior over one-half of a
sunspot cycle.

One effect of the previously mentioned propagation anomalies is to make it extremely difficult to
predict MF skywave field strengths on Alaska-to-contiguous U.S. propagation paths. For instance, . .
one can utilize the various formulas listed by Pokempner (1) and Wang (2) and the skywave propagation .
prediction programs such as those analyzed by Sailors et al. (3) with reasonable success to predict HF
skywave signal strength and/or signal-to-noise ratio (S/N) on paths within the contiguous states, but
not very successfully on propagation paths to and from Alaska.

The purpose of the HF skyways propagation investigation then, is to continue the program of medium
frequency (MF) skyway. signal strength measurements at Fairbanks, Alaska, of selected standard broadcast
stations located in the U.S., Canada and Alaska. The end result of this program is to provide the FCC
with sufficient median signal strength values throughout the standard broadcast band to quantitatively
describe the diurnal, seasonal, sunspot cycle, and geophysical disturbance variations of HF skywave
signals on these high latitude propagation paths. Thus, future standard broadcast band frequency
allocations can be made on a realistic non-interference basis. Work done to date on this HF skywave 4

research program has been reported by Hunsucker and Delana (4), Hagn (5), Hunsucker, et al. (6), and
Hunsucker and Delana (7). 

Noe

It. DESCRIPTION OF THE MONITORING PROGRAM

A. Location and Characteristics of the Field Site

Table 1 shows some characteristics of the Ace Lake Field Site

B. Description of Equipment

The equipment and antennas used in this experimental program are located at the Ace Lake Field
Site approximately 4 km due west of the Geophysical Institute. The system is built around a commercial '
general purpose receiver modified for analog AGC output. The receiver frequency is automatically -
stepped through 16 channels every five minutes by the system programmer. Digital tape cassette recordings
of signal amplitude are continuously made on ten or more standard broadcast stations. These data are
then transferred on a regular basis to standard format computer tape for analysis on a VAX 11/780-785
computer. A noise source is also recorded continuously for regular system calibration.
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C. Antennas

Three antennas have been utilized during the program to date: 1) a 187 meter longwire, 2) a 12
meter vertical monopole with ground screen, and 3) a 32 meter top-loaded vertical with ground screen. *
In an effort to quantitatively describe our antenna systems, extensive impedance and VSWR measurements
and computer modeling efforts have been made on the antennas.

Figure I shows the 32 meter top loaded vertical antenna (TLVA) and Figure 2 is a drawing of the
end-fed-longwire (EFLW) antenna model used for computer pattern modeling. An example of the "NEC"
plot of the vertical radiation pattern of the EFLW antenna for f - 1.030 Hz and 0 azimuth is shown e"
in Figure 3. The vertical and horizonal radiation patterns of the top-loaded-vertical antenna (TLVA)
were modeled using a "method-of-moments" computer code called "HININEC" (8), (9), (10). This computer i
code is a less sophisticated (and much less expensive) version of the Numerical Electromagnetic Code
(NEC) (4), (5). These antenna patterns may be considered to be a first approximation of the actual
TLVA patterns, and are shown in Figures 4 and 5 in the vertical and horizonal planes, respectively.
These figures indicate that both the vertical and horizontal patterns are quite uniform for the range of
elevation and azimuth angles characteristic of skywave signals being monitored at Fairbanks.

These HININEC results are quite encouraging in their uniformity for the TLVA patterns and should . ...
make quantitative path signal strength calculations possible for all stations monitored. , .

We plan to use the full NEC program to model the TLVA patterns, as well as to attempt some airborne -.

measurements of the pattern before the end of this project. I .

111. RESULTS ', .'..,.

Figures 6 and 7 are plots of receiver AGC voltage for various HF skywave transmissions monitored , .
at Fairbanks. The location and frequency of each standard broadcast station are listed on the borders '
of the figures and universal time is plotted along the abscissa (Alaska standard, 150' west meridian %
time or U.T. - 10 hrs). The AGC voltage scale is included at the lower left corner and the calibration
curve for converting receiver AGC to r.f. signal strength at the receiver input is given in Figure
8. The diurnal behavior of the HF skywave signals is shown for a magnetically quiet winter day for .
high sunspot number. For example, signals from KFAX and KGO (San Francisco) are received from - 06
- 16 UT or 2000 - 0600 AST in Figure 6.

For a disturbed day the diurnal behavior changes considerably, as illustrated in Figure 7 when
the only HF skywave signals received in Fairbanks were from Kotzebue and McGrath, Alaska. All signal 

' 
,%.. 

-

propagation from the contiguous U.S. disappeared.

The next four figures illustrate the seasonal behavior of the monitored HF skywave signals.
Figure 9 is a fifty-one day median plot of all signals received for winter 1981 for high sunspot number
and illustrates the consistent propagation during night of the signals from the western and northwestern
regions of the contiguous U.S. to Alaska. A rather dramatic contrast is shown in Figure 10 for summer j.
1982, when the only measurable signal strengths occurred for a few hours per night from Spokane, Washington;
Anchorage, Alaska; and San Francisco, California.

The equinoctial period behavior is displayed in Figures I and 12 for Spring 1982 and Fall 1983
respectively, showing transitional signal strengths between summer and winter.

Sunspot Cycle Effects ,..- ..

Figure 13 shows a plot of solar cycle 21 with the interval of HF skywave monitoring indicated by a
bar at the bottom. From mid-winter 1981 to mid-winter 1984 the relative sunspot number (RI) decreased -
from 147 to 18 and the 10.7 cm solar flux (SF) decreased from 208 to 76. This represents a decrease in
RI by - a factor of 8 and in SF by - 3, which should have significant effects on HF skywave propagatio:.

IV. DISCUSSION

Propagation Path Geometry

Figure 14 illustrates the uniqueness of the Faibanks HF skywave monitoring station as a high latitude
site, Hunsucker (12). The figure depicts great-circle paths from most of the standard AN stali. r mon- -
itored at Fairbanks on an azimuthal equidistant map projection. The stipled sections depict the location
of auroral ovals for midwinter near magnetic midnight (1200 UT or 0200 AST - Alaska Standard lime). The
lightly stipled auroral oval section shows the location of the oval for disturbed magnetic conditions
(planetary K-index, Kp = 5.0), and the darker oval (further north) depicts the oval for quiet conditions
(Kp - 1.0). Only the portion of the oval affecting the paths is shown. The single letters denote
standard broadcast band transmitters as: ..- r

.. "'-
N - Nome, Alaska E - Edmonton, Alberta, Canada 7.. 4

H - McGrath, Alaska C - Casper, Wyoming
A = Anchorage, Alaska P = Philadelphia, Pennsylvania
S - Seattle, Washington V - Vladivostok, USSR

As may be seen, during very quiet magnetic conditions (Kp = 1.0) only the Philadelphia to Fairbanks
path is directly affected - with the Chicago to Fairbanks path marginally affected. During disturbed
conditions (Kp = 5.0) all paths are aurorally disturbed (San Francisco the least). Most of the time , .

1.0 < Kp < 5.0, and most of the paths will be affected near 1200 UT.

%%. l
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This qualitative discussion helps to better understand the specific disturbance behavior of each
path. For instance, one would expect aurorally disturbed behavior of the short paths from Kotzebue, McGrath
and Anchorage - 50% of the nights of the year, since their ionospheric reflection points will be in
the auroral oval, on an average, 50% of the nights. Consequently, auroral D-region and sporadic-E
ionization (10) will govern these propagation modes.

On the other hand, the San Francisco to Fairbanks path appears to have an ionospheric reflection
point in the auroral oval only during quite disturbed conditions (Kp - 5.0), but most probably will
have one reflection point in the region of low electron density, the "main ionospheric trough" (13),
(14). Specific descriptions of HF skywave signal strength variation for the conditions described
above will be given in following sections.

At least a qualitative idea of the sunspot cycle effect may be gained by comparing specific
paths in winter 1981 with the same paths in winter 1984.

Four paths can be compared, with transmission characteristics as shown in Table 2. *
'• 1

Also remembering that D-region absorption- (12 ), KSKO at 870 KHz with its reflection point almost
always in the auroral oval should show higher signal strengths in 1984 over 1981 compared to KGA at
1510 KHz with its ionospheric reflection point usually lying outside the auroral oval. We are further
assuming that MF skywave propagation is more profoundly affected by sunspot cycle changes in D-region

absorption than by changes in ionization of the E and F layers. b.

With this background information in mind we can make the comparison shown in Table 3.

The values in Table 4 seem to support the hypothesis that HF skywave signals propagating at high
latitudes are dominated by D-layer absorption, and that these absorption effects are considerably less
severe during sun spot minimum periods than near sunspot maximum. These results, of course, only ': -J
strictly apply to the given HF stations monitored in Fairbanks during midwinter. %,p l

CONCLUSIONS

Analysis of data obtained from the medium-frequency skywave monitoring program carried out at

Fairbanks, Alaska, from 1981-1985 yields the folllowing conclusions.

* The recording and data analysis system continues to perform very reliably with total
data loss of only 3.3% in 1984.

0 The top-loaded-vertical-antenna (TLVA) has performed very well, displaying stable
electrical characteristics through the severe climatic conditions characteristic of
this continental sub-arctic environment.

0 A simplified "method-of-moments" antenna pattern modeling program called "MININEC"
was utilized to obtain azimuth and elevation patterns for the TLVA for 1.1 MHz. The
modeling effort shows that the azimuth and elevation patterns are very uniform at
this frequency.

* An auroral overlay was plotted on an azimuthal equidistant map projection centered
on Fairbanks which reveals the qualitative explanation of the gereral behavior of
various MF skywave paths.

* The daily and seasonal behavior of signal strength on most paths does not markedly
differ from 1983 to 1984 except during midsummer. KFAX San Francisco shows five to
six hours per day of usable signal in 1984 compared to about three hours of barely
detectable signal in 1983 (sunspot cycle effect).

* More specific sunspot cycle effects on four selected paths illustrate the dominance ., .

of D-layer absorption on HF skywave high latitude propagation through a solar cycle."a
From 1981 midwinter to 1984 midwinter, the signals from Kotzebue, Alaska increased
in duration by 35%, while the Spokane, Washington signal showed no significant
change. Stations which propagated signals to Fairbanks in 1981-82, but not in 1984

include Detroit, Albuquerque, Santa Monica, Eugene, Louisville, and Vladivostok.

There are still several "unknowns"

1. What is the actual skywave mode structure (how many and what kind of ionosphere

reflection modesT.
2. What are the actual antenna patterns in elevation and azimuth. %

3. Polarization effects (Elliptical, predominantly vertical or horizontal)?
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Table I
Pertinent Parameters of the Ace Lake Field Site

Location - 64*52' North geographic latitude
147*56' West geographic latitude
64*45' North geomagnetic latitude
103*01' West geomagnetic latitude
64*40

' 
Invariant latitude 9

Dip - 76054''
L = 5.46
h - 600 ft. MSL

Geographic Radio
Azimuth Horizon

900 00

1350 1.50 .

1800 2.2
0

2250 1.60
270* 3.2- -'

*Tundra underlain Conductivity, a Permittivity

with permafrost in mhos/meter (siemens) (c)

(a) surface 0.018 to 0.036 - 25-42

(b) two feet below - 0.025 to 0.098 - 33-788

surface

*Acquired in August 1982 by Open-wire-line (OWL) technique from 500 Khz

to 12,000 KHz by G. Hagn. (5)

Table 2 ..
Comparison of transmission characteristics on four paths

Power
Call Frequency Output

Letters Location (kHz) (kw) Path Length and Remarks

KSKO McGrath 870 -- Short north-south auroral path
Alaska

KTWO Casper 1030 50 D-3553 km, long path. One ionospheric
Wyoming reflection point in auroral oval

during moderately disturbed conditions. . -

KFAX San Francisco 1100 50 D-3464 km, long path. One ionospheric
California reflection point in auroral oval 4'

during disturbed conditions.
KGA Spokane 1510 50 D-2640 km. Similar to KTWO path.

Washington

Table 3
Comparison of signal strength changes on four paths from 1981 to 1984 .' .* *

1981 (RI 147) 1984 (RI = 18) Signal Increase 1981-1984
Station Signal Signal Signal Signal Signal Signal

Present Maximum Present Maximum Present Maximum -." *

% 1v) %* (Vv) %* (Vv)

KSKO 53% 7 jiv 87% 20 ov 35% 13 wv
KTWO 30 8 41 8 11 0
KFAX 62 9 75 13 13 4
KGA 50 7 50 7 0 0

*Percentage of operating period when signal was present.

All signal levels referred to receiver input.

1. .o
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Figure 2

Sketch of end-fed longwire antenna 6i WV 0f e
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Figure 3. Example of Numerical Electromagnetic Code (NEC) plot of the vertical radiation

pattern of the end-fed longwire antenna (EFLW) for f - 1.030 MHz and 00 azimuth.
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Figure 4

CALCULATED VERTICAL RADIATION
PATTERN FOR TLVA AT AN AZIMUTH OF 1400

(San Francisco - Fairbanks Path, ND =3354km, Az =138.5 0 )
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Figure 5

CALCULATED AZIMUTHAL RADIATION PATTERN FOR
TLVA AT AN ELEVATION ANGLE OF 200

(San Francisco -Fairbanks Path)
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Very quiet day (January 14, 1982) Ak 00

-. 6

I I II I I I | I i 1 1 I I I I i I I i f I

1510 15I 'IV---- KGA Spokane, WA

720 14 Q -- LAlt-Yf1.. • KOTZ Kotzebue, AK1

1120 ...= .- , -. KPNW Eugene, OR

1000 12 'J.-uoA. KOMO Seattle, WA

870 ., KSKO McGrath, AK

840 0 WHAS Louisville, KY

820 9 ,,. WBAP Ft. Worth, TX A

810 .....__ _ '! ___LY..:______ ____ KGO San Francisco, CA

1580 7 L... KUAY Santa Monica, CA

1100 6 . . . . I. ------------ KFAX San Francisco, CA

1030 ________' ..- -'-KTWO Casper, WY
1476 )4J! "v''• Vladivostok, USSR14 76 4 - - -- - --- :-

770 3 KOB Albuquerque, NM

760 2_- WJR Detroit, HI

---- --- --- --- --- ---- --- --- --- --- --- ----. -." "

- 2 4 6 8 10 12 14 19 ie 20 22 24

DAY 14 1982

Figure 6. Diurnal signal strength behavior. Plot of receiver ACC voltage for standard broadcast
stations listed at right received at Fairbanks during quiet midwinter period. Scale
at lower left is receiver AGC in volts. Time on abscissa is Universal time (Alaska

Standard Time - UT -10 hours). Frequencies in KHz listed on left border.

Very disturbed day (March 2) College Ak index = 78

151015 . KGA Spokane, WA - ,.."

72014 . n__ X n A KOTZ Kotzebue, AK

1120,, ___ KPNW Eugene, OR

1000 2 jKOM Seattle, WA

870 L AJJ---JI IKSKO McGrath, AK

840 10 1 A IWHAS Louisville, KY

820 9 L WBAP Ft. Worth, TX

810 I.|t.___ KGO San Francisco, CA

1580 7 _ KDAY Santa Monica, CA

1100 KFAX San Francisco, CA

1030 K KTWO Casper, WY .. .

1476 V/ .'Vladivostok, USSR

770 3 KOB Albuquerque, NM

7 60  _,L____ WJR Detroit, MI

; ;-- .- -.--- -- -- -- -- -- -- -- -- -- -- -- -- -- --'04 1 .
a 2 4 6 8 0 i2 1-4 16 1E 2 0 22 24

DAY 6 L 1982
Figure 7. Plot similar to that in Figure 6, except for very magnetically disturbed day

during Spring Equinox.
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Figure 8
6 .0 1 1 _ _ _-__ _ _ _ _ _ _

FCC SKYWAVE PROPAGATION STUDY
RECEIVER CALIBRATION low

5.0 10 JANUARY 1985

HP 8640A SIG GEN
4.0 WEINSCHEL 3051 ATTEN

o >:.- "

3.0-

WI-..-". * -
1 .0 , ". " ; - ".
2.0-

.. ., .'..

10-2 10-3 10- 4  10-5 10-6

RF INPUT (Volts, RMS)

51-day median for period 15 November 1981 ..

to 5 January 1982 ...-.

, , , i , i , i i i I  ~
1510 , - .. .. - -- ---- - - "=_ - KGA Spokane, WA ..
1210 :4 -= = WCAU Philadelphia, PAl , -. -. -. -

1120 .- i .. . ..... '----I KPNW Eugene, OR i i " '

1000 A KOMO Seattle, WA1

870 .. _ __ ____- . ... .. .. KSKO McGrath, AK840 .L WHAS Louisville, KY

820 = .-L--- WBAP Ft. Worth, TX

810 1- - - - - - -___"____-____ - -- KGO San Francisco, CA

1580 KDAY Santa Monica, CA

1100 - .4 --- " '- . KFAX dn Francisco, CA

1030 KTWO Casper, WY

1476 , Vlauivostok, LSSk .

770 - KOB Albuquerque, -oil

-Z60 - - -- WJR LJetroit, MI1  . -'.,.4. ,

i720 - I . . . . . . ...... KOTZ Kotzebue, AK

7'-t r 2_ 0 1 - = 1 5 1 1 , 1 I E D I w l l - ' ' , .

oI0 pGsitive 1.U.

Figure 9. Seasonal signal b-havior - Midwinter 1981-82.
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Median data for the quarter 15 May to 15 August, 1982. ,*.
Only 85 days were used because of antenna experimentation
toward end of quarter.-, .

1510 8G Spokane, WA

72014 ._KOTZ Kotzebue, AK CA

Casper,, WY

146 KPNW Eugene, OR

750 12__ KFQD Anchorage, AK

870  1 I tKSKO McGrath, AK

820 9WBAP Ft. Worth, TX':. ?-

8 10 8 -- KGO San Francisco, CA1

1580 1KDAY Santa Monica, CA

1100 6 KFAX San Francisco, CA

1030 5 KTWO Casper, WYraa or
r1476 4 Vladivostok, USSR ."

770 3 MKOB Albuquerque, NMFf to

60 2 5WJR Detroit, MI..

N:"%, -.

_®I I I I I ! III I l i l i I l i ' I I ! I l i i II. .,, . .-1 280 1- - - -- - - - - -- - - - - - ---.--- KO Santzebue s, A

0 2 4 6 u 10 12 14 16 18 20 22 2.

D8Y 136 1982 85 DAY MEDIA

8KGO San Francisco on monopole.

Figure 10. Seasonal signal behavi~or - Summer 1982. %,',b

M4edian MF skywave for quarter 15 February to ,-.-"-

15 May, 1982' "A"atna C

150

15 0 15 _=. . . . . . KGA Spokane, WA ..- .

720 14 A KOTZ Kotzebue, AK. .
1120 13 A KPNW Eugene, OR o' "

770 A' KFQU Anchorage, AK
I

870 I KSKO M'cGrath, AK i

840 10 A.__. WHAS Louisville, KY ..

820 WBAP Ft. Worth, TX"

810 46 KGO Sa12 Francisco, CA

50 74 1 KDAY Santa Monica, CA
1100 6 1. . . ..... . . ___ KFAX San Francisco, CA

1030 5 daKTWO Casper, WY
1476 4 . Vladivostok, USSR

FigurSatte te, Seaona inalor eavier 29 Saring Equinox 1982.4

770ur 3 Sesn'sga eair-Srn qio , O Albqueque NM*

760 WJR Deroit,,1,1
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Thirty-day median, 15 days on either side of September 21.

T -TF7 T -h I I I I I I i -i-i I I I I I I I

1510 15 ____________________ KGA Spokane, WA

720 '4____________ KOTZ Kotzebue, AK

7.335 MHz __75_ CHU Ottawa, CAN1  -

750 -- - -_-- -- -- -- -- -- KFQD Anchorage, AK

870 __________________-I_________ KSKO McGrath, AK '. A

840 _________________________WHAS Louisville, KY

820 .- _____________________ WBAP Ft. Worth, TX -

810 _______ _________________ KGO San Francisco, CA -

1580 L ______ _______________ KDAY Santa Monica, CA

1100 61KFAX San Francisco, CA

*1030 -KTWO Casper, WY -

1476 4Vladivostok, USSR

770 3~ KGB Albuquerque, NM .

T-102 WJR Detroit, MI

810 - KGO San Francisco, CA2

' 2 4 6 8 10 12 14 16 1,20 22 24 r

DAY 249 1982 30 DAY MEDIA~N

1KPNW Eugene deleted, CHU Ottawa added, October 2, 1983. .** *
2*:L* .

£Monopole.

Figure 12. Seasonal signal behavior -Fall 1982.
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Figure 13. Observed and one-year-ahead predicted smoothed sunspot numbers.
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DISCUSSION

J.S.Belrose, CA

I would like to make two comments on your paper: (1) the microcomputer version of the Numerical Electromagnetic
Code (NEC), MININEC, assumes a perfectly conducting ground, and it is therefore inappropriate to employ
MININEC for your application. However, NEC 3 contains the Sommerfeld-Norton groundwave, and as such it can be
used to calculate the pattern of vertical monopoles over a finite radial ground system. (2) MF propagation over high
latitude paths is, as you have pointed out, quite variable. In fact, for auroral zone paths the variability is so great that in
my view median values of field strengths have little physical meaning. The data should be sorted into two blocks: quiet
and disturbed, or perhaps more meaningfully nights of high field strengths and slow fading rates, and nights of rapid
fading and low field strengths. These two blocks or three blocks of data should be studied separately, to determine:
frequency of occurrence of quiet nights at different epochs of the solar cycle and season; statistical variability of
disturbed days and dependence or non-dependence on magnetic activity. A dominating factor affecting MF field
strengths is "after geomagnetic storm effects". Two to four days after certain geomagnetic storms, nighttime field
strengths can be abnormally low for a day or two, up to a week after certain large storms. During years of high magnetic
activity low MF field strengths at auroral latitudes may be dominantly due to overlapping "after geomagnetic storm
effects".

Author's Reply
In regard to question 1, you are correct about "MININEC". We only used this program for a first estimate of our new
antenna pattern. As soon as we obtain version 3 of the NEC program, we will model the vertical antenna with it.
Concerning question 2, we have emphasized in reports to our sponsor, the importance of the short term variations of
MF signal strength and are continuing our investigation of the short term fading and of utilizing other geophysical
parameters to characterize MF signal behaviour. We have also noticed the "after-geomagnetic-storm effects" on signals
received at Fairbanks.

% %.

. ° - .\

'*y % .% .

S'. *-*.~. .*.
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OPTIMISATION DES SYSTEMS DE TRANSMISSION NUMERIQUE TRANSAURORAUX EN ONDES DECAMETRIQUES

OPTIMIZATION OF H.F. DIGITAL RADIO SYSTEMS AT HIGH LATITUDES

C. GOUTELARD - 3. CARATORI - A. NEHME

Universit6 PARIS-SUD - Laboratoire d'Etude des Transmissions Ionosph~riques

9, avenue de la division Leclerc - 94230 CACHAN

RESUME..

La traverse des zones de haute latitude eat in6vitable dans certaines configurations de liaisons par ondes

d6cam6triques, notamment pour des liaisons b longue distance.

Aux latitudes 6lev~es, des phdnombnes particuliers apparaissent : absorption polaire et aurorale, couches

C sporadique et F diffus, perturbations aligndes sur le champ magndtique... qui modifient de manibre

spdcifique lea caract6ristiques des liaisons longues distances. r.-'."

A partir d'observations exp6rimentales sur des liaisons traversant les zones de haute latitude, on a

6tabli un mod&le de canal de transmission. Ce modble tient compte des perturbations observ~es ainsi que de

l'influence de la longueur de la liaison et de am position par rapport au pdle magndtique. %

A partir de ce modble on a examin6 lea classes de signaux utilisables pour lea systbmes de transmission

numdrique dans Is cadre des diverses techniques transmission sdrie ou parallble, systbmes autoadaptatifs,

systbmes de transmission codde. - '

V.!
ABSTRACT

High latitudes are inevitably encountered in telecommunications, especially in long distance transmissions ..

At high latitudes the following phenomena appear auroral and polar absorptions, spread F, perturbations

aligned with the magnetic field, sporadic E... which make long distance transmission characteristics

special.

We were able to establish a channel model from experimental observations of transmissions travelling through

high latitudinal regions. The parameters of the model must include the perturbations found at high latitudes,

the lengh of the transmission, and its position relative to the magnetic pole and the auroral zone.

From these models, which point out the spectral modifications of the signal, the fading , the duration of
coherence, we determined the classes of signals which can be needed for H.F. digital telecommunications"'"'"

with the aim of diverse techniques serial or parallel transmissions, autoadaptative systems, coded

transmission systems.

V-.V
,..4
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1. - INTRODUCTION-

Les zones de hautes latitudes sont induitables pour un certain nombre de liaisons en ondes d6cam6triques,

soit parce que l'une des extrdmit~s est situ~e au voisinage des pbles, soit parce que l'arc mineur du grandA

cercle de la liaison traverse cette rigion.

Les ph~nombnes particuliers qui apparaissent dans les regions de hautes latitudes et leurs consequences sur

Ia propagation ont 6t r~pertori~s [1] [21 et classes. On distingue habituellement

- L'absorption au niveau de la calotte polsire (Polar Cap Absorption) caus~e par la prdcipitation de

protons de trbs haute 6nergie jusqu'b le base de l'ionosph~re et qui entraine des affaiblissements

trbs importants pouvant interrompre toute communication pendant des durdes pouvant atteindre plusieurs

jours.

- L'absorption aurorale csus~e par des diectrons pr~cipit~s jusque dans Ia region D et qui aceroissent

l'absorption pendant des dur~es de plusieurs heures. Elle slaccompagne dgalement de modifications de

Ia rdgion E pouvant entrainer une modification de Ia MUF (Fr6quence maximum utilisable) des liaisons.

- Des phdnombnes particuliers, spdcifiques des r~gions E et F aurorales, et qui entralnent l'apparition

des couches E sporadiques, des couches de F diffus et de perturbations qui introduisent des gradienta

d' ionisation horizontaux importants.

Ces phdnombnes ae traduisent par des variations importantes et rapides des caractdristiques du canal de

transmission qu'il est difficile de pr~voir [4] . Les effets principaux sont

- L'augmentation de l'absorption pendant lea pdriodes perturb6es qui diminue au point de r~ception le

rapport signal/bruit et qui impose de pr~voir des systbmes permettant de conserver une 6nergie

suffisante par bit d'information.

- L'6talement de la r~ponse impulsionnelle du canal causie par l'apparition des trajets multiples et qui

entralne dana certains modems une r~duction du d~bit d'information.

- L'apparition d'un phdnom~ne doppler important causE par lea variations du milieu et qui ae traduit

par des 6largissements des spectres [5] ou l'spparition de raiea distinctes. On constate alors des -

* fluctuations importantes du signal, notamment dans lea systbmes & spectre 6troit.

- Une grande variabilitE de Ia plage de fr~quence utilisable, soit par une modification de Ia MUF soit

par une modification de Ia LUF. Une adaptation au canal peut Atre envisag~e par une Evaluation en

* temps r~el (Real Time Channel Evaluation) [63

Les techniques utilisables pour compenser les effets de ces ph~nombnes peuvent 6tre class~s en deux*.*

catdgories

-La premibre englobe tous lea aspects li~s & l'utilisation des techniques de diversitE appliqudes

" aux antennes (DiversitE d'eapace ou de polarisation),

" dans le domaine temporel (Entrelacement redondance et r~pdtition des messages),07

" dans le domaine fr~quentiel (Diversitd de fr~quence).

-La aeczonde eat li~e aux techniques de modulation, de codage et de traitement du signal.

L'expoaE qui suit eat consacrd aux solutions possibles adoptables dans l'exploitation des syst~mes destinds

b assurer des liaisons A travers Ia zone aurorale. * %**

Une premibre partie eat consacr~e h l'Etude des problbmes de propagation & partir de liaisons tests

traversant Ia zone aurorale ou l'Evitant.
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La seconde partie eat consacrde h l'dtude des caractiristiques du canal de transmission.

La dernibre partie examine lea incidences de ces caract6ristiques sur lea systbmes de transmission

II. - ANALYSE DE LA PROPAGATION -

II.i. Liaisons exp6rimentales dtudi6es

Les propagations ont dt6 6tudides en utilisant des dmissions de caractdristiques connues qua l'on a

reques avec une station expdrimentale (station STUDIO : Systbme de Traitement Universel de Diagnostics -

lonosphdriques) localisde A une quarantaine de kilombtres au sud de Paris.

Les liaisons qui ont 6t6 utilisdes sont indiqu6es sur is figure I et leurs caractdristiques sont .. '*'-j

rdsumdes sur le tableau 1.

TABLEAU 1

* 'it.. % -

i'. .(% "

LIAISON COORDONNEES I FREQUENCES DISTANCE TYPE DE TYPE DE
GEOGRAPHIQUES (MHz) AZIMUT LIAISON MODULATION

FOSRT COLLINS 400 41'5 7780 km Code du CCIR
UA0 Transaurorale par impulsion

(WWV) 1050 02' W 10 3090 38' double

20

OTTAWA 450 18' N 3 5656 km Code du CCIR -'
Canada 7,335 Subaurorale par impulsion '',='_
(CHU) 750 45' W 14,670 2970 31' double

REDWOOD-CITY 370 33' N 8954 km Transaurorale Radiodiffusion
USA 11,715

1220 14' W 3180 39'

MOSCOU 550 45' N 4,996 2465 km Code du CCIR
URSS 9,996 Subaurorale par impulsion '-
(RWM) 370 33' E 14996 580 55' double

NOVOSIBIRSK 550 04' N 10 5234 km Code du CCIR
URSS Subaurorale par impulsion".
(RTA) 820 58' E 15 500 26' double

IRKOUTSK 520 23' N 5,004 6559 km Code du CCIR ....
URSS 10,004 Subaurorale par impulsion
(RID) 1040 27' E 480 08' double

15,004

*., .L."=
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Dana Ia configuration utiliade la station STUDIO a dtd organisde conform~ment au diagramme fonctionnel

reprdsent6 aur la figure 2. L'expdrinentation utilise:

- Un systbme d'a~riens large bande compos6 de 32 antennes dont le lobe, orientable tout azimut, a

une ouverture de 15 degrds h 15MHz.

- D'un r~cepteur dont Is dynamique eat 120dB.

- D'un analyseur de spectre numdrique.

- D'un enregistreur magn6tique.

- D'un miniordinateur pilotant Ia station et commandant

* l'orientation du lobe d'antenne

* la fr~quence du r~cepteur et son gain,e

lea parambtres d'analyse du signal requ, . *

* l'anregistrament des rgsultats.

Un standard de frequence assure une prdcision relative de 5.10 au systbme.

On a effectud lea aesures des spectres des signaux qui contiennent un maximum d'information. Lea

resolutions utilisables sont infdrieures & 0,01Hz as on s'ast en g~n~ral limit6 6 0,1Hz compta tenu ,~

des variations temporalles du canal.

* ~Le systbma de mesura a dt6 organisd de faqon 6 pouvoir mesurer simultan~ment lea caractdristiques de ~, ,

4 liaisons.

*11.3. Etude des liaisons exp~rimentales

Les liaisons axperimentales choisies ont permis d'dtudier de faqon comparative lea diff~rents types de*

trajets diffgrencigs par leur configuration gdographique et/ou par leur fr~quence d'6mission.

On a ainsi ddfini quatre types d'6tude

(a) Etude de l'influenca des longueurs de liaisons h fr~quence constante pour des trajectoires

subsurorales. Le cas type eat constitudd par lea liaisons Irkoutak-Paris (6559 kmn) et Moscou-

Paris (2465 kmn).

(b) Etude de l'influance de Is zone aurorale par comparaison d'una liaison transaurorale avec une *

liaison subaurorale de longueur et de fr~quence voisines. Le cas typique eat constitud par lea

liaisons :Ottawa-Paris (5656 kin, 14,670MHz, subaurorale) at Fort Collins-Paris (7780 kmn, 15MHz,

transaurorale).

(c) Etude de linfluenca de Ia frdquence d'6inission pour lea liaisons transauroralas en utilisant un

m~me point d16mission h deux fr6quencea diffdrentes. La cas typique est constitu6 par Ia liaison

Fort Collins-Paris (7780 kmn) pour lea deux frdquences 15 et 10MHz.

(d) Etude de Ilinfluence de la gdoindtrie des liaisons transauroralas par le choix de deux stations

dtdmnission de Frdquances voisines. Le cas typique est constitu6 par lea liaisons Fort Collins-

Paris (10MHz, 7780 kmn) at Redwood-Paris (11,715MHz, 8954 kin). ,~

Les r~sultats obtanus ont montr6 qua ai des 6vbnements apparaisaiant de fagon corrdlative sur l'una

at l'autre des liaisons, lea caractdristiquea du canal n'6taiant ps corr~l~as antra allas comma dana

le cas (c).
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11.3.1. Trslactoire aubaurorale. Influence de is lonqueur de is liaison.

L'influence de is longueur de is liaison eat illuatrde par le cas typique prdsent6 sur is figure 3,

We pour lea liaisona

Irkoutak - Paria (6559 kin, 15,004MHz)

Moacou - Paris (2465 kin, 14,996MHz).

* Lea figures 3a at 3b repr6sentent lea spectres obtenus en function du temps de 10h23 b 21h10 TU (GMT).

Pour plus de clart6, ii nWe Rtd repr~sentd qu'un 6chantillonnags du spectre en function du tamps, &

raison de I spectre toutes la 6 minutes. M

* Cea enragistremants font apparaltre la p6riodes d'6mission d'une onde entretanue et lea pdriodes

d'6mission des signaux horairas dont is fr~quence de is modulation eat de 1 hertz. Malqrd Is diffdrence

des longueurs des liaisons on note Is bonne corrdlation qui exists antre lea spectres.

Cetta corr~lstion apparsit sur is figure 3c qui raprdsente las disgrsnvnas des frequencas doppler de Is

liaison Moscou-Paris port~es en abscissa at Irkoutsk-Paria port~es an ordonnde. Ces diagrammes aunt

obtenus an s6lactionnant d'abord dans chaque spectra lea composantes d'amplitudes sup6rieures b un

se.il fi - i c" 50 de l-mliue aiml pour deux spectres simultan~s. Suient Fri1 etf.jl lea ~
ensembles des fr~quences de cas camposantas respactivement sur chaqus liaison.

Las points port6s P ont pour coordonn~es

P(xp =Fi, y = Fj) V i, j

Ii eat 6vidant qua si is correlation est parfaite jFi) = {Fj} et Is figure admet Is premibre bissectrice

i. * coewne axe de symdtrie.

Chacun des diagranines de is figure 3c est trace pour una periods da 2h40'. On peut constater Is bonne

correlation des spectres qui s'axplique par is fsit qua is propagation est essantiellemant assurda par

lea rayons baa pour lasquels, an pdriode calms, Is dispersion doppler demeure fsible [7]

11.3.2. Com araison de liaisons voisines transaurorale at subaurorsie. ~-

Las effets auroraux aunt mis en 6vidance an comparsnt lea r6sultats de liaisons voisines, Iluna

transaurorale, l'autre aubaurorale.

Les rdsuitats prentes concarnent la liaisons

Ottawa - Paris (5656 kmn, 14,670MHz) aubaurorale * '.

Fort Collins - Paris (7780 kin, 15MHz) transaurorale.

En p~riode calms on note una bonne corrdlation des spectres assurds comae le montre is figure 4 qui

repr~sente lea r~sultata obtenus pour is sgme pdriode qua ceux representes sur Is figure 3.

En p~riods agitee deux types de situation se presentent.

La premibre s traduit par l1apparition d'une composanta supplementaire dana is spectre du signal de Is

liaison transaurorala. La css typique ast celui reprdsentd sur Is figure 5 qui montre un enregistresent

effectue de 4h38 h 12h40, i'activit6 magn~tique 6tant ce jour perturbee h trbs perturb~e, un orage

magndtique etant apparu 6 OhOO at un PCA 6tant present da 2h00 6 18h00.

La repr~sentstion des spectres de is figure 5a a Rt6 effactue avec un echantilionnags de 1 spectra

toutes lea 3 minutes.

La decorrelation des spectres des deux liaisons est flagrante. La cosposante suppl~mentaire pr~sents
dens is spectra de Is liaison Fort Collins-Paris traduit I'apparition d'un trajet dQ b des irregularitese

de Is zone aurorale. Ce type d'affst a R6E observE par diff~rents auteurs qui ont mis en 6vidence un%

Etalement de Is r~ponse impulsionnelle dG 4 des propagations hors du grand cardse at des decalages

doppler importants (8] (9] %

La seconds situation se traduit par un Etalement du spectre dO b des phdnombnes de diffusion dont is

figure 6 rend cosipte. L1Etalement du spectra deviant trbs important aur is liaison transaurorale alors

qu'ii dameure beaucoup plus limitd sur Ia liaison subaurorale. L'Ealement du spectre qui est un

ph~nombne connu dans lea liaisons transaurorales [5] eat causE par des effets de diffusion accoinpagnant

souvent des perturbations magn~tiquea. L'6vbnement represente sur Is figure 6 correspond h un jour

magndtiquement perturbd o6 deux orages magnetiques (lh30-7h30) at (15h00-18h00) ont dLE observ~s.
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11.3.3. Influence de ia frdq9uEnced'dmission.

Une bonne corrdlation est g~ndralement.observde entre deux liaisons transaurorales dont lee extr~mit~s

sont identiques msis dont lea frdquences de trafic sont diffdrentes.

Les figures 7 et 8 montrent deux ces typiques observ~s sur lea liaisons Fort Collins-Paris 6 10 et l5Fflz.

Cheque p~riode d'observation correspond b une ectivitd magndtique perturbde.

On peut noter l'excellante corr~lation dens l'apparition des ph~nombnes qui se manifeatent de fagon

semblable sans btre identiques pour cheque fr~quence.

*La cas de Is figure 7 montra une bonne corr~lation de l'ensemble des phdnombnes bien qulil apparaisse

une double trace h 10MHz due vraisembleblement h une double rdflexion sur Is perturbation.

La cas de is figure 8 contra une corr~lation dens l'apparition des ph~nombnes as la fr~quencas doppler

sont diffdrentes et senaiblement dens le rapport des fr~quences d'6mission. Le trajat suppldtaentaire

paralt ici 6galement causd par une perturbation de is zone aurorale.do

Ill. - CONSEQUENCES SUR LA FONCTION DE TRANSFERT DU CANAL

* On a classE lea conditions de propagation rencontr~es en trois cat~gories

- Las p~riodes calmes qua nous appallerons classa N, o6~ le spectre des signeux obtanus eat comparable

h celui des liaisons subauroreles (cas de is figure 4). - %:.

- Les p~riodes perturbdes avec apparition d'un ou plusieurs trajets suppl~mentaires qua nous appellerons

classe P1 at dont des cas typiques sont donn~s sur la figures 5, 7 at B.

* - Las p~riodes perturb~es o6j un phdnombne de-diffusion produit un Elargissament du spectre et qua nous

appellerons classe P2. Cette classe correspond au cas de Is figure 6.

On peut noter qua ces ph~nombnes apparaissent pendant des pdriodes longues, souvent de plusieurs heures

* at sont donc ausceptibles de perturber lea liaisons num~riques de f'agon importante at durable.

* L16valuation de laura affets a dtd ef'fectude an calculant le champ total recqu at en estimant ls fonction

de trsnsf'ert du canal.

111.1. Estimation du champ requ.

* Lea aignaux 6tudi~s ont 6t6 enregistrds dens leur repr~sentation fr~quantielle de Fourier. On a donc

pu simplemant, par le calcul de Is transformde de Fourier inverse, retrouver laur reprdsentation

tamporella.

*Catte Etude a dt6 faite pour chaque liaison sur la frdquence porteusa du signal d'6mission.

La figure 9 contra la r~sultata obtenus sur lea cas typiques. On constate qua

* en p~riiode calms, classa N, le champ total eat comparable pour la liaisons transaurorales at

aubauroralas (Ottawa 14,670MHz - Fort Collins 15MHz - Figure 9a).

* En p~riode agitde oij des trajeta suppl~mentaires apparaissent, classe P1, on voit se produire

(figure 9b) des fluctuations quasi pdriodiques trbs rapides de l'intensitd du champ caus~es par

l'effat doppler important dont eat affect6 is trajat suppl~mentaire.

* En p~riods agit~e, clqss P2, is chsmp r~sultant subit des fluctuations tr~s rapides dens ..

lequel l'aspect quasi p~riodique observE4 pour ls classa PI a tendance A disparaltre. %

*Ces rdsultats montrant qu'en pdriode perturb~e lea fluctuations du champ sont importantes at rapides.

*Les lois de fluctuation sont identiques 6 celles observ~es pour lea liaisons subaurorales at peuvant

Atre d~crites par lea lois de distribution classiques Rice, Rayleigh ou Nakagami, salon Is complexitd

des modes de propagation.
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111.2. Estimation de la fonction do transfert.

La fonction de transfert du canal lonosphirique dans la bande des andes ddcamitriques eat localement

reprisentable par l'introduction des diffirents trajets. Elle peut s'icrire pour

sous la forms

N

obj

i eat l'indice repdrant le iAme trajet parmi lea N existants.

ti eat is pulsation doppler pour w voisin de w o

tpi Ie tempa de groups du ihme trajet pour wi voisin de w~) 2
.. ) 2.(dtpi)" +Ti)(w )un angle do phase dipendant de Ia friquence et qui a'exprime par Z1iLJ

La fonction de transfert dipend du temps puisque le canal nWest pas stationnaire. L~
Les variations des champs regus parties sur Ia figure 9 reprisentont, une constants prbs,

//F(,C3.o, t)// aD wa eat Ia pulsation de 1'onde porteuse dtudide. Ces enregistrementa donnent donc

une reprisentation de la fonction do transfert sur l'axe W.o. ..-..

Sm reprdsentation camplbte peut en 8tre diduite par is connaissance des temps do groupe tpi et de leurs
dtpidirivies d w qui traduisent l'effet de dispersiviti du milieu. Cea parambtres sont directement

mesurds dana lea sondages obliques bistatiques. Il peuvent Atre d~termin~s avec une bonne pr~cision

h partir des parambtres ionosphiriques pour lea modes de propagation normaux. Par contre, uls sont plus .~

difficiles h d~terminer pour lea modes de propagation snormaux oO lea valeurs observies varient dans

des proportions trba importantes en fonction de la giomitrie de lB liaison at des perturbations.

Pour obtenir une estimation statiatique de is fonction do transfert, on a calculi pour lea modes do

propagation normaux lea valeura de tpi at dti pri e atsd r~iina nadu e

* ~~variations de la fonction de transfert en fonction des parambtrea tpie dtp atrwal u oe
do propagation anormaux.

Les risultats sont illustrda par lea graphes de is figure 10 obi lea parties noires reprisentent lea

zones oO

/Fwt)/2 >;. F 2

at lea parties claires celies aD

L /( t)// < 2 0 /2 -

F w, t) d~note la valour quadratique moyenne itablie sur l'espace temps friquence. La figure 10a
2 2donna un exemple de //F( w-- , t)// et Is figure 10b is partie de //F(c- ., t)// < F2(,w , t) /2.

En piriode calme (figure 10c), on retrouve lea risultats des liaisons aubaurorales. Dana ce cas, lea

zones aD Is fonction de transfert samffaibiit (zones clairas), mettent en 6vidence une variation

lente du canal qui peut Atre cansidir6 comme localement stationnaire pour des temps do coh~rence do
i'ordre de quelquea secondes.

En pdriade perturbie, de classe PI (Figure 10d), on note une configuration complexe as quasi

piriodique des variations do la fonction do tranafert. Lea zones d'aff'aiblissement variant avec des

*pseudo piriades trba courtes causias par l'effet doppler important du trajet supplimentaire mais aussi .

avec des pseudo piriodes composites risultant de lenaemble des trajets. Le temps do coh~rence eat

alors riduit b quelquea dizaines de millisecondes.

Dana le cas do Ia classe P 4des piriodes perturbies, Is configuration que Von abtient (figure 10e) Jr
perd une grande part de son allure piriodique h cause de l'existence du grand nombre de trajets cri~s%

par Ia diffusion. 11 eat important do nater quo dana is bande d'analyse do 3KHz on vait apparaltre un

"fading plat", c'est-A-dire qu'h un instant donni I'affaibliassment attoint la Lotalitd de Is fanctian.
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IV. - CONTRAINTES IMPOSEES PAR LES PROPAGATIONS AURORALES DANS LE CHOIX DES SIGNAUX -N

La propagation dans Is zone aurorale fait apparaltre lea points caract6riatique8 suivants .

- Existence de trajets suppl6mentaires qui provoquent un double 6talement de is rdponse impulsionnelle

dans lea domainea temporsi et frdquentiel. .~.

- Apparition de phdnombnes de diffusion cr6ant un 6talement de la r~ponae impulsionnelie dena is

domains fr~quentiei. %*

- Variabilit6 soudaine des caract~ristiquea du canal lora de l'apparition des perturbations.

*Le choix des signaux utilisabies dana lea modems num6riques doit prendre en compte l'ensembie de cea

ph6nombnes repr6sentds par Is fonction de transfert F( w , t).

On utilise, en q~n~ral, pour ces transmissions une bande B limit~e & 3KHz. On ciasse lea modems en deux

.4 grandes catd~gories

- Les modems paraliblea qui sont constituds d'une ou d'un ensemble de vois b bandes 6troites. Le ddbit

* de chaque vois est faible.
~~4 Les modems s6rie qui utilisent pour chaque symbole transmis toute is bands allou~e. Dana cette cat6gorie

se ciassent lea modems autoadaptatifa. :

L'occupation de is bande par ces deux classes de modems eat repr~sent~e sur is figure lha.

Lea zones d'affaiblissement caract~ristiques sont 6gaiement ach~matis6es sur Is figure lib o6j apparsissent e'. r.

* des zones traversant lentement Is bande pour lea trajets normaux, . *.-

* des zones traversant rapidement Ia bands lorsqu'il y a perturbation.

Le problbme des transmissions nus6riques se pose en terse de probabilit6 dlerreur directement Iide h

* 1'dnergie fournie par bit d'iriformation, et 6 Is r~partition de ces erreurs dens lea messages tranamis.

* Si on prend comme hypoth !se de base des systbmes op~rant dana Is bands 0-3KHz avec un spectre Emis optimum,

c'est-h-dire uniforme dans is bands, un symbols occupe une surface sayenne So d~termine par as dur~e -'r

d'Esission To et l'6tendue B. de son spectre. Si is symbole eat h 2N moments ii transporte N Shannon

(ou bit) d'information.

Pour lea modems s~ris et parallble lea surfaces 5So sont repr~sent~es par l'aire unitaire port~e sur is

figure lla :dens le premier cas B,, est faible as To, grand et dans is second lea ordres de grandeur sont

invers~s. .

Ces surfaces So~ repr~sentent h une constants pr~s 0( inversement proportionnelle b N, l'Energie Emise par :-
* bit d'information. L'dnergie reque eat donc de Is forms

itoE 01 t S[0,T.]1

Si So eat logde dana une zone d'affaibliasement ii y a diminution de l'Energie et risque dlsrreur. Le choix

opt imum ronsisf' h r.~partir leg nires unitaires de fagon 6 6viter des fluctuations trap isportantes de

1'Energis par bit d'information requ et is groupement des erreurs.
* Si on appelle

S la surface des zones d'affaiblissesent pendant une dur~e T....
S..S

0', la surface commune A So et aux zones d'affaiblisseeent, '...

-A utiliser en permanence Is totalit6 de Ia bands B.

-A r~aliser l'6quiprobabilitE d'erreur des symboles, ce qui se traduit par la relation

BfT - o

La solution optimals consists 4i d~terminer, en tenant compte des caract~ristiques du canal schdmatis6 sur Ia

4 figure llb, lea formss possibles des aires 6l6mentaires gui assurent 1'6qiprobabilit6 des erreurs. Cette

6quiprobabilit6 s'obtient d'autant plus facilement que S., donc la qusritit6 d'informatiion par symbole, eat
qrande.



Lorsque N =1, So a ses dimensions lea plus faibles, et on est alors conduit 6 prendre soit To soit Bo ~ ~
trba grand.

La premibre solution conduit ) utiliser un nombre important de sous porteuses.

La aeconde solution West viable que si on s'autoriae un ddpaasement de Ia bande Bo. On aboutit alors aux

techniques d'6talement de spectre.

En Vail, on peut utiliser toute forme de surface So qui respecte l'6quiprobabilit6. A titre d'exemple, Ia

figure 12 :;:rtr la::siit6u7une modulation 1in~aire de fr~quence qua. est une solution ainterm~diaare ~ ~
ente ea eu p~c~enes t uipermet de rdduire le temps To de D'une et idltendue du spectre de l'autre.

La valeur de To et la pente de Is modulation peuvent Atre optimisdes Ai partir des pr6visiona de propagation

normales.

So 6tant proportionnel A N, on congoit l'int~r~t d'augcenter le nombre de moments pour obtenir une A .
$ ~meilirure rdpsrtition des probabilit~s d'crreurs. Une solution consiste A utiliser un signal de modulation " '

b2 Nmoments mais cette technique eat rapidement limit6e. Une autre solution consiste & utiliser les

techniques de codage pour lesquelles N peut Atre notablecent plus 61ev6 en y associant lea techniques,

d'entrelaceaent. La rdpartition de ls surface So rev~t alora l'aspect sch~aatisd sur la figure 13, donnant t -

-. une bonne dquir6partition des erreurs. i 4

L'apparition de fading doublecent pdriodique (cas 3 de Ia figure 5) conduit alors A utiliser un double
entrelacement. Cette technique sssoci~e A des codes perfonnants (10] a donnd de bons rdsultts. Dana le

* cas des liaisons transaurorales, lea pdriodicit~s du fading conduisent & utiliser une technique

d'entrelscament irr~gulibre qui duite un regroupement des erreurs [11]l

V. -CONCLUSION-

On a tent6 dana ce bref expose, Ai partir d'cxpdriccntationa aur le canal ionosphdrntuc utiliad en liaisons

transaurorales et subaurorales, de ddfinir lea caract6ristiquca essentielles A prendre en compte pour le

choix des signaux utilisables dans lea modems.

Lea caract6ristiquea du milieu sont rapidement variables et se traduisent par une alt~ration importante de

Ia fonction de transfert.

k L~optimisation du choix des signaux conduit A positionner une surface 4ldmsntaire qui doit atatistiquement --

recouvrir des zones d'absorption.

Lea caract~ristiques de ces surfaces conduisent A ls ddfinition de signaux statiatiquecent robuates.

Ve
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OBSERVATIONS WITH AN IONOSONDE IN NORTHERN GERMANY NEAR THE 
., %

MID-LATITUDE TROUGH

Thomas Damboldt
Forschungsinstitut der Deutschen Bundespost r

Postfach 5000
D-6100 Darmstadt

SUMMARY

A near-vertical incidence ionosonde was installed more than two years ago near Hamburg, 
--' in order to improve HF propagation predictions and frequency management. HF propagation

in the North-Sea and Baltic-Sea areas - close to the auroral zone, near the mid-latitude
trough - is highly variable. This manifests itself also on the ionograms. Many of them
show peculiarities normally not seen farther south. This paper compares the day-to-day .
variation of measured ionospheric characteristics with those obtained by the CCIR method ..V' :K
(Report 340). In addition statistics of ionospherically disturbed days in the years 1983 V
and 1984 are given and compared with measurements of the variations of the geomagnetic
field at the near-by observatory Wingst.

Although the ionosonde is used mainly as a tool for up-to-date HF propagation predic-
tions, the collected data can be of considerable use also for the design of new HF radio
systems in the area under consideration.

1. INTRODUCTION

Hourly measurements of the ionospheric parameters foF2, M3000, foEs and fmin have been
made by the Research Institute of the Deutsche Bundespost with an ionosonde near Hamburg
since January 1983. Atpresent the ionograms are printed in the form of virtual height
plots in real time, and the evaluation of the characteristic values is done manually
according to the "Ionogram Interpretation Handbook" (1). The data are primarily used for
short-term HF propagation predictions. They are also distributed through the URSIgram
service. E. A ,

Most ionograms show clearly the expected traces (Fig. 1). Apparently, the high interfer-
ence level in the European HF environment does not affect the quality of the ionograms":(2 ) . . .

The transmitter antenna used is a wideband horizontal fan dipole, the receiver employs a
short active dipole. The wide antenna beams and the location are the cause of a great
number of disturbed ionograms (Fig. 2) (3).

2. COMPARISON OF OBSERVATIONS WITH DATA FROM CCIR REPORT 340

CCIR Report 340 (4) contains monthly hourly medians of the ionospheric characteristics %
in the form of maps and numerical values as a function of geographic location, time of
day, season and sunspot number. These values are used as the basis in most HF propaga-
tion prediction methods.

A comparison of the 576 (=24x24) monthly hourly predicted medians of the critical
frequency foF2 and the observations yielded an average difference of only -0.09 MHz with
an RMS difference of 0.52 MHz.

A comparison of the 16387 measured hourly foF2-values and the predicted monthly median
values showed an average difference of -0.08 MHz with an RMS difference of 0.95 MHz (136
hourly values departed more than'+/- 2.75 MHz from the predicted monthly medians, see
Fig. 3).

Both comparisons prove the high degree of accuracy of the "CCIR Atlas" in Europe,
although the spread of the data is large.

3. INFLUENCE OF MAGNETIC ACTIVITY ON foF2 %

As mentioned above, the difference between all measured and predicted foF2-values is
-0.08 MHz for the hourly values of the two years period. If only those hours were
compared, during which the average K-value (measured at the near-by geomagnetic observa-
tory Wingst) was lower than 5 in the preceding 18 hours, the average difference becomes
-0.07 MHz; when only K-values lower than 4 were compared it becomes +0.01 MHz and +0.17
MHz for K-values lower than 3. This means that (in the past two years of low solar
activity) the CCIR Atlas fits the observations of our ionosonde best for days of rather
low magnetic activity (K<4). For very quiet days (K<3) the CCIR Atlas estimates of the "rW
hourly foF2-values are too low.

Looking at magnetically disturbed days, we find that for days with K>4 (average K-value. ,
for the preceding 18 hours at Wingst) the average difference between the hourly measured
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and predicted foF2-values is -0.72 MHz with an an RMS difference of 0.94 MHz (Fig. 4),
for days with K>5 the average difference becomes -1.42 MHz, with an RMS difference of
1.09 MHz (Fig. 5) and for very disturbed days with K>6 the difference between measured
and predicted foF2-values becomes -3.05 MHz, with an RMS difference of 1.43 MHz (Fig. 5
6). This means, that the predicted values may be up to about 3 MHz higher than the " ..
measured ones. Table I shows the average differences between measured and predicted
foF2-values for different levels of magnetic activity. Iww

4. INFLUENCE OF MAGNETIC ACTIVITY ON THE OCCURRENCE OF SCATTER ECHOES

The hourly measurements carried out over a two year period yielded 17544 ionograms (365
x 24 + 366 x 24). On 535 ionograms no traces could be identified because only scatter
echoes occurred. Of the remaining ionograms, 3246 showed more or less pronounced traces
together with spread-F or backscatter echoes at frequencies above foF2. There is a T.- .
pronounced dependence of magnetic activity on the occurrence of scatter echoes. Fig. 7
shows the frequency of occurrence of scatter as a function of magnetic activity. Fig. 8
shows the magnetic activity dependence of ionograms where determination of the iono-
spheric characteristics was impossible because of too high absorption, too low critical
frequency (below 1.6 MHz) or scatter echoes (see Fig. 2). The percentage occurrence of
scatter echoes as a function of magnetic activity is delineated in Fig. 9. '

Fig. 10 shows the diurnal variation of scatter occurrence during the two years.
Scatter echoes were observed mainly at night. A closer look at the numbers reveals that n

at 3501 hours out of a total of 8772 night-hours (i.e. on 40 percent of all night-hours)
backscatter echoes occurred. If only the 6 hours around midnight are considered, 2279 of -.-

4386 hours (52 %) showed scatter echoes.

5. CONCLUSION

The objective of this paper was to compare the observed and predicted median character- WM

istics of the ionospheric F2-region at a specific location. The agreement of measure-
ments with predictions is very good, although the spread of the differences between
measured and predicted values is large. It should be pointed out, however, that at the
location of our ionosonde (between the mid-latitude ionosphere and the high-latitude
ionosphere) the F2-layer at night during magnetically disturbed times has a depleted
electron content (low critical frequencies) and exhibits strong backscatter echoes. This
in turn leads to severe limitations for all types of HF systems.

In the two years of medium and low solar activity (sunspot number between 10 and 100)
these "disturbed" conditions were observed on 20 percent of all hours, or 40 percent of
the night-hours or 52 % of the 6 hours around midnight. This means that essentially in
every other night the ionosphere in this region of the world would not support HF
systems requiring low signal distortion.

6. REFERENCES

(1) Piggott, W.R. and K. Rawer: URSI Handbook of ionogram interpretation and reduction,
Report UAG-23A, 1978

(2) Damboldt, Th.: Der Chirpsounder als Ionosonde, Kleinheubacher Berichte, Vol 27,
pp. 525-528, 1983

(3) Eyfrig, R.: Ober die Auswertung komplizierter Chirpsounder-Ionogramme,
Kleinheubacher Berichte, Vol 27, pp. 529-534, 1983

(4) CCIR, Report 340, CCIR Atlas of ionospheric characteristics, . .

UIT, Geneva, 1982

12h 1Sh 18h
K<9 -0.08/0.95 -0.08/0.95 -0.08/0.95
K<5 -0.06/0.93 -0.06/0.93 -0.07/0.93
K 4 0.01/0.92 0.01/0.91 0.01/0.91 .. '- -. "

K-3 0.12/0.90 0.15/0.89 0.17/0.88 ' .-.

K,6 -2.35/1.67 -2.71/1.47 -3.05/1.43
K-5 -1.12/0.96 -1.26/1.02 -1.42/1.09
K-4 -0.60/0.91 -0.67/0.93 -0.72/0.94
K-3 -0.31/0.94 -0.34/0.94 -0.37/0.93

Table I Average differences and RMS differences
between measured and predicted foF2-values for
different levels of magnetic activity (expressed
as average K-index for the 12, 15 and 18 pre-
ceding hours).
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Fig. 9 Percentage occurrence of back- Fig. 10 Diurnal variation of backscatter
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DISCUSSION

E.Thrane, NO
Were you able to observe Travelling Ionospheric Disturbances?

Author's Reply
Although our ionosonde can make up to 12 ionograms per hour, we operate it only once per hour and therefore we
have not looked for TID's.

'

J.Aarons, US ,
It is doubtful that the spread F occurring when Kp is 0, 1, 2, 3 is associated with the trough for a latitude of 55* i,
corrected geomagnetic latitude. It is more likely associated with plasmapause latitude irregularities.

Author's Reply
Figure 7 showed that about 50% of the ionograms with spread F were observed during magnetically quiet conditions
(K 4 3). I agree that those cases are not associated with the trough at the geomagnetic location in question.
Unfortunately. however, we did not yet have the time to study the various reasons for the occurrence of spread F in
detail.

iS

I ' .

V, ~'*~

V.
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SUMMARY OF SESSION IV

High Latitude HF Probing

by

Prof. C.Goutelard
Session Chairman

Session IV of this meeting was devoted to measurements in high latitudes. Seven communications were presented: five
of them were based on measuring techniques by backscatter and two studies were done by means of zenithal sounders.

Bradley's account was aimed at a study of ground range measured by backscatter in high latitudinal regions. He carries
out a classification of obtained configurations and establishes a statistic of their occurrence which can serve as a basis for
future works.

Bourdillon's report, presented by G.Sales, deals with the study of disturbances aligned on the magnetic field using two
backscatter sounders enabling the measurement of the perpendicular components of the speed of irregularities. An
interpretation of the results was done using a theoretical model.

Hanuise reported on an experiment at high and very high latitudes in the Europe zone with the help of coordinated
measurements from satellite, incoherent scatter radar, and backscatter sounder. The comparison of the results obtained with
the different systems shows a good agreement between the measures, but the discussion pointed out the difficulty of
interpretations.

Kelly's report was devoted to the analysis of backscatter and ionosonde signatures and their interpretation from main
ionospheric parameters measured by an incoherent scatter sound. A correlation was established between certain types of
signatures and convection plasma patterns which develop in the polar zone. %S

Greenwald presented an experiment on the ionosphere at high latitudes by mean of a backscatter sounding system. A -
detailed description of the system, which presents original characteristics, was given and the results presented. These results,
accompanied by bistatic oblique sounding measurements show the spatial and temporal variations of irregularities, whose
occurrences are related to disturbances of the magnetospheric - ionospheric system.

'Me report presented by Berkey shows observations carried out by means of a coherent digital sounder in the Antarctic.
Simultaneous measurements were done in the zone of auroral depression and an examination of the results was done during
calm and disturbed periods. The complexity of the results is pointed out and their interpretation, made easier for the use of
sophisticated material, shows the influences of fundamental phenomena on the signatures.

Rodger presented a study of the zone of auroral depression and its predictability from results of digital sounders in the

Antarctic. A detailed study of the morphology of this region was done and the causes of its variations examined. The
important points necessary to examine in order to improve the precision of forecasts were established.

The reports presented show that the measurements taken in high latitudinal regions are particularly difficult, notably
because of the complexity of the phenomena which develop there. They imply the implementation of complex systems and
the results show the necessity of following up these studies in the years to come.

% .%
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IONOSPHERIC FACTORS AFFECTING THE PERFORMANCE OF HF SKY-WAVE SEA-STATE RADARS AT HIGH LATITUDES

P A Bradley and A J Gibson
(Rutherford Appleton Laboratory, Chilton, Didcot. Oxon, OX1 OQX, UK)

J C Schloboin and 0 E Westover
(SRI International. 333 Ravenswood Avenue. Menlo Park. California 94025. USA)

1. INIRODUCTION

Sky-wave radars provide a means of ocean surveillance beyond line of sight and beyond the ranges
achievable with a ground-wave radar. However, the ionosphere introduces a number of important propaga-
tion limitations. Firstly, it is necessary to provide illumination of the areas of interest, which may
place restrictions on radar siting and periods of operation. Then, backscattered signals must have %
sufficient amplitude to provide adequate discrimination above the naturally occurring and interference
backgrounds. A radar measures time-of-flight and such information needs transforming to equivalent
ground range in terms of the prevailing ionospheric path. Finally, ionospheric motions create Doppler
shifts and spreads of the returned signals 4hich prevent spectral resolution of Bragg scattered
components.

The high-latitude ionosphere is characterised by features which exhibit marked spatial and temporal
variability. This paper examines the principal effects which can arise by presenting data from a number, %
of sources. Specific problems are discussed and possible ways of alleviating some of these considered.

2. ILLUIINATION ." '

For a given ocean area of interest, illumination may be provided over a band of frequencies between
the maximum usable frequency (MUF) and the lowest usable frequency (LUF). Typically MUF's associated
with reflection from the regular F-layer are lower than at middle latitudes because of the reduced solar . .-. %,
lonising radiation, particularly in the Winter night. On the other hand, energetic electrons incident
at E and F-region heights create additional ionisation at auroral latitudes. These can give rise to
increased MUF's but with considerable day-to-day variability, making difficult performance prediction
and frequency management.

Existing readily available reference ionospheric data derived from vertical sounding information,
such as the CCIR numerical maps of ionospheric characteristics (CCLR, 1982a), are based on a mapping
procedure which fails to represent important high-latitude features such as the auroral oval and night-
time trough. Other mapping efforts within recent years (Rush et al, 1984) in which vertical-incidence
data are combined with results derived from thermospheric wind theory, show potential for improved
accuracy in these regards. Whereas such data are needed for planning, there is no doubt that for post-
mortem investigations it is preferable to prepare models with spatial lonisation changes derived as far %
as possible from all relevant sensor information pertinent to the epoch of interest. Figure 1 shows a N
map of foF2 from one such model (Rush et al. 1982) derived specifically for radar performance assess-
ment. In this model the trough of ionisation evident in the example around 60o geographic latitude is
assumed to have a poleward boundary coinciding with the equatorward boundary of the oval and an equator-
ward boundary and depth which vary on a daily basis. The position of the oval is given as a function of .... %.-..
magnetic activity (Whalen, 1970). Other models, like that of Rush et al. (1982) which can be used for
radar performance determination and which include features that are set for each day as a function of
planetary magnetic activity index Kp or local magnetic K index, are those of Vondrak et al. (1978) and
of Elkins (1979, 1980). The importance of the trough has been investigated through ray-tracing studies ...
by Lockwood (1981). Besides the reduction of MUF he shows not surprisingly that focusing by the convex
and concave reflecting surfaces occurs at certain hours, with defocusing at other times.

Other important features of high latitude lonisation are the marked auroral E-reglon which repre-
;erts an enhancement over the solar-controlled E-layer, particularly at night-time. foE and the loca-
tions of the boundaries of this layer are given as a function of magnetic activity index. The auroral
E-region has greater thickness than the normal E-layer and at certain times its electron densities can
exceed those in the F-region. For some paths it will have a dominant effect on the MUF.

Also associated with auroral precipitation at E-region heights is the development of a band of
irregularities closely following the position of the auroral oval. A representation of auroral Es taken
from Elkins (1970) based on vertical-incidence observations and analyses of Besprozvannaya and Shchuka
(1972) shows a somewhat similar morphology. Figure 2 gives the percentage of time that the maximum , ' .
frequency of sporadic-E reflection exceeds 3 MHz. Auroral Es occurrence exhibits a marked midnight *C,' .-
maximum, and other maxima at 04 and 19 hours magnetic local time at lower latitudes where it is respons- % .
ible for diffuse direct-scattered radar returns. There is a pronounced minimum around 650 corrected
geomagnetic latitude. The phenomenon is independent of sunspot number, but shows a strong dependence on
Kp.

Small-scale irregularities in the high-latitude F-region are a very common phenomenon regularly
observed at night with vertical-incidence sounders. Their occurrence probability increases with
geomagnetic latitude. At auroral latitudes there is a maximum around 02-04 magnetic local time (Fig.
3). Spread-F is most common in Winter and least frequent in the Summer. Its incidence increases with
magnetic activity, particularly in the equinoxes. The equatorward boundary moves to lower latitudes -
with increasing geomagnetic activity.

The Importance of each of the above phenomena to ocean illumination clearly depends on radar fre-
quency, path geographical position and epoch. Weak auroral irregularities are likely to have little
effect, but as these become more pronounced they can give rise to direct backscatter. If the scattering
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is only partial, they may provide the means of raypath reflection to illuminate a more distant ground
scatterer. At other times they may serve as a screen. Auroral spread-F Irregularities are elongated
along the direction of the local magnetic field and scattering efficiencies are aspect sensitive. HF
radar results of Baggaley (1970) give reductions in scattering efficiencies of 1OdB per degree off-
perpendicularity, although other workers have deduced reductions of only 3-4dB per degree.

Moller (1974) has investigated the movements of high-latitude irregularities using an HF radar
located in W. Germany. He finds direct returns from two belts of F-region irregularities, one asso-
cdated with the equatorwards edge of the auroral oval present at all local times with minimum latitude
at midnight, and the second belt seen only at night appearing northwards of the ionisation trough and
moving equatorwards towards sunrise.

Other information recently available has been taken using a radar located in S. England. This has
a nominal antenna beamwidth of 50 at 15 MHz and can be steered over the range 35 *W to 35°E of N.
Figures 4 and 5 show sample widesweep backscatter ionograms of the 5-30 M4Hz frequency band. Records may
be categorised as regular.(R) arising mainly in the daytime from ground-backscatter supported by single
and two-hop F2-mode propagation (Fig. 4a). nltiple (M) with ground backscatter supported by F2 and E/F1
mode propagation in the Summer daytime (Fig. 4b), or auroral (A) mainly at night. The auroral records
display a variety of form. (Figs. 4d-f and 5a-f).,.: J. ,

With the onset of evening, irregularities develop within the F2-layer and these can give rise to '.4 *'
ghosted ground-backscatter returns in advance of the main trace (Pig. 4c) (Croft, 1968). In the example
of Fig. 4(d) direct auroral returns are also seen between frequencies of 13 and 26 MHz over radar ranges
of 1100-1300km. The auroral trace is approximately horizontal, but with some retardation at the lower .. , .

1

frequencies. Figures 4(e) and (f) show other examples of a full F2 ground-backscatter trace at the same
time as direct auroral returns are observed. In Fig. 4(e) there are two groups of echoes, consistent "
with the data of Moller. The record of Fig. 4(f) clearly shows geometrical cut-off of the auroral trace ,*"
at frequencies around 12-17 MHz depending on range.

The auroral trace has a sharp approximately horizontal leading edge at 100km range (Fig. 5a) and

at 1190km range (Fig. 5b) with some retardation at the lower frequencies. The spread diminishes with
increase of frequency but echoes are still observed at 20 14Hz when the UK-measured foF2 is only 4 MHz.
There is some evidence in the record of Fig. 5(b) of ground-backscatter returns at a radar range of
2000km at frequencies of 5-6 MHz; ground backscatter might have been seen at shorter ranges were the
sounder to have operated below 5 MHz.

At times the auroral trace is quite thin, extending over only say 200km at the lower frequencies
(Fig. 5d), whereas more often it is much fatter (Fig. 5e). Some records like those of Figs. 4(d)-(f)
indicate the F2-trace at all ranges; in others it is observed only at shorter ranges than the direct
backscattered trace. The origin of some traces of the form of Fig. 5(c) has yet to be identified, but
is believed to involve an auroral element.

With synoptic sample measurements at all hours, Table 1 shows for the different four-hour time
periods and seasons the numbers of lonograms categorised as regular(R), multiple(M) and auroral(A). The
predominance of A records in the night-time le. 18-08 hours by Winter and 20-04 hours in the Summer, is %

evident. For all times combined, a breakdown of the numbers of the different types of auroral traces is
given in Table 2. Nearly 30% of the time auroral traces are diffuse or weak with F2-mode ground-
backscatter or Es direct backscatter at shorter ranges (Fig. 5f).

Sequences of continuous successive widesweep ionograms for a N pointing antenna show that generally
ionogram features do not change significantly over periods of less than an hour. The variation over a
whole single night is often small, but there can be marked differences in range and form from one night
to the next. Consecutive data recorded for different azimuths show that often the spatial extent of
auroral returns is large, with no major differences over the band of angles that can be covered. For a
selection of tonograms of the different types but all with a flat leading edge, Fig. 6 gives the varia-
tion throughout the night hours of the minimum range of the auroral echo. Values lie between 600- ,
1500km, with no clear dependence on time or local magnetic K index. .:-

Figure 5(f) for a bearing of 30OW indicates flat traces at ranges of 1750 and 1800km which can be
interpreted as arising from two separate ionospheric modes with ground scatter from the Iceland
coastline. Such occurrences are quite common for this azimuth, showing that in these cases the auroral
irregularities are partially reflecting for frequencies considerably greater than the regular F-region
MUF.

S . % .%." %
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TABLE I

iERS OF WIDE-SHEEP IONOG S DESIGNATED REIAM (R),
MULTIPLE (M) AMD AIRORAL (A)

UT 04K 04- 812 12-16 16-20 20-24

R 0 35 37 34 28 4

Sun e M 0 11 46 40 40 0
(Jun, Jul, Aus)

A '72 34 0 0 14 80

R 0 22 46 33 13 0

Autm o 0 4 1 14 0'
(Sept. Oct)

A 74 45 0 5 29 48

R 0 4 68 53 0 0

Winter 'I Y
n e, Jan) m 0 0 16 12 0 0

A 89 77 13 13 82 86
om

A TABLE 2 .. '.

NlERS OF WIDE-SWEEP AMORAL IONIIOM WITH DIFFERENT TYPE CATEGORISATION
- ALL HOURS AND MONThS COMIEDe

TYPE DESCIPTION N IDUE

Al Flat fat auroral only 54

A2 Flat thin auroral only 20

A3 Flat auroral + F2 trace 169

A, Flat auroral + F2 trace below auroral only 65

AS Upwards sloping auroral + F2 trace 32

A6 Wedge shaped trace 26

A7 Auroral + wedge shaped trace 55

AS Diffuse auroral, some F2 trace below 116

A9 Diffuse auroral, Es trace below 224
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3. ADEQITE AMPLITUDE

Ignoring those instances noted above where for the particular raypath geometry in relation to the
irregularity locations it is possible to obtain ground illumination at frequencies in excess of 20 MHz,
more commonly ionospheric support requires lower frequencies than at lower latitudes. This leads to
problems of wider antenna beamwidths, greater amounts of ionospheric absorption and often greater atmos-
pheric noise background intensities, all contributing to lower signal/noise ratios.

Auroral particles penetrating to the D and E-regions give rise to additional ionisation which leads m
to extra absorption. This so-called auroral absorption has a morphology closely allied to the morpho- ,. ,
logy of the auroral oval. Foppiano and Bradley (1983) have produced a model of auroral absorption
showing that this has two diurnal maxima around midnight and 08 hours, consistent with the morphology of
the 'splash' and 'drizzle' particle precipitation model (Fig. 7) postulated by Hartz and Brice (1967).
The band of auroral absorption moves equatorward and intensifies when magnetic activity is increased.

Careful attention has to be paid to polarisation effects on high-latitude paths, particularly for
propagation along the magnetic meridian. A detailed study of the phenomenon has been presented by .....
Moorat (1968) and values of polarisation-coupling loss for paths under different conditions are quoted
by Bradley (1968). Generally, the ordinary wave has a polarisation ellipse with major axis oriented
along the direction of the projection of the magnetic field onto the wavefront plane (approximately
vertical) and the extraordinary wave polarisation ellipse is normal to this direction (horizontal). ,.' "
With elevation angles of 10-20, raypaths in the lower ionosphere tend to be nearly transverse to the
field, so that these ellipses are highly elongated. Figure 8 shows that horizontally-polarised back-
scattered signals (or those radiated by a repeater with a horizontal antenna) can suffer large polari- ,.
sation-coupling losses.

Direct auroral returns lead to the phenomenon of auroral clutter, showing a morphology related to
the incidence of auroral irregularities in both the E and F-regions. Backscatter clutter power depends ,,.
on the volume of auroral scatterers illuminated by the radar, and the volumetric scattering cross- ,.
section, which in turn is a function of the magnetic aspect angle. One such model of pseudo-volumetric
scattering cross-sections is presented by Elkins (1980), based on standardisation in terms of equivalent
point-target cross-sections derived from measured radar results. He finds that this cross-section
parameter differs for the E and F-regions, and includes both a frequency and a Kp dependence. Auroral
clutter shows a wide range of Doppler spreads, sometimes extending over tens of Hertz depending on the . .
motions of the auroral irregularities. In all cases, the normal Bragg-scattered returns from ocean
spectra with shifts at HF of only a few tenths of a Hertz are never avoided. "

Reference atmospheric noise data based on past measurements are presented by the CCIR (1982b).
These measurements were made with a short vertical whip antenna and no azimuthal dependence of the noise
is assumed. Recent data collected by Gibson et al. (1985), in which atmospheric noise and interference
in the fixed and broadcast service bands were measured with directional antennas pointing in different
directions, confirm the validity of the assumption. This result is at first surprising, but arises i,-V*.
because even with antennas of modest gain for noise incident from a range of azimuths the contribution '.'
to the total received power from the sidelobes exceeds that from within the main beam. Remembering that
even with a northwards pointing radar, many interfering signals are propagated across the pole, it seems .
reasonable to conclude to a first order that HF background intensities are comparable to those found at
middle latitudes.

Figure 9 shows for the UK radar, which was operated at a series of fixed frequencies for the
collection of amplitude and Doppler spectral information, those frequencies giving greatest ground-
backscattered signal-to-noise ratio. For a series of radar ranges the dependence on season and time of
day is illustrated. Generally, optimum frequencies are between 7-15 MHz, being greater by day than
night. However, attention is drawn to the marked day-to-day variability at a given time. This suggests
long-term predictions are of only limited value for frequency management.

4. RANGING
The ranging accuracy needed depends on the application. For many purposes with say a range resolu-

tion cell size of 75km it is of doubtful necessity to even know the propagation mode, a single mean ' '.- -
algorithm relating ground and slant range being quite adequate. When however greater ranging accuracy ".,.
is sought, either recourse must be made to ray tracing through model ionospheres or to use of some m mm
ranging calibration feature.

There have been many efforts at developing ionospheric models for use with ray tracing in order to
simulate radar ranges. Some of these approaches have proved useful at middle latitudes, but experience
difficulties when applied to the high-latitude ionosphere, both because of the paucity of real-time
ionospheric data and the marked spatial gradients which arise. Hatfield (1970) and Dubroff et al.
(1979) have attempted to simulate an ionosphere composed of parabolic segments matching backscatter
data. Milsom (1985) has shown how the model ionosphere of Bradley and Dudeney (1973) may be used with
effect for radar raypath simulations. Thomason et al. (1979) described a model based on long-term
numerical maps of the ionosphere, but incorporating sophisticated ray tracing. Rush and Miller (1973)
have developed a three-dimensional model ionosphere suitable for ray tracing in the presence of
gradients. Incorporation of daily measured ionospheric parameters into a prediction model is discussed
by Miller and Gibbs (1975). The updating of monthly median predicted values by measured parameters is
considered by Edwards et al. (1975). A particular problem is the correlation distance over which
measured data remain pertinent. At high latitudes this is certainly less than the 500km in the N-S
direction found for middle latitudes.



Mention is made of the existence of returns that can be attributed to scattering from a land/sea
interface. Alternatively, repeater data are useful for ranging purposes as well as for transmission-
loss assessment. Figure 10 notes the fractions of occasions that a repeater located at Iceland could be
detected. Seasonal and diurnal differences are consistent with changes in absorption and auroral
activity following the onset of night-time. Studies are planned to assess ground ranges from the
measured radar range to the repeater, using simultaneous vertical incidence ionograms taken at the radar
site and collected at South Uist, approximately a third the distance to the repeater. Comparison with
the known repeater position will serve to indicate the ranging accuracy improvement achieved with an
uprange ionosonde.

5. SPECTRAL DISTORTION

The spectral distortion created by the ionosphere has been considered at length by Georges et al.
(1981) and by Jones et al. (1983). There is a fundamental limitation to the improvement in spectral
quality that can be achieved with different forms of coherent and incoherent spectral integration,
depending on the ionospheric motions present. This work for high latitudes will form the basis of
further studies. Here attention is restricted to sample spectra presented in Fig. 11 for times close to
those at which the widesweep lonograms of Fig. 5 were taken. These relate to a coherent integration
time of 2.5s providing a Doppler resolution of 0.4 Hz so that the two first-order Bragg peaks are not
separated; however in this way in order to investigate propagation effects it was possible to take
measurements at a large series of frequencies and azimuths within a single hour. The Doppler range
covered is ±6.25 Hz.

Figure 11(a) shows the spectra for successive ranges of 75km extent at a frequency of 10.5 MHz
corresponding to the widesweep ionogram of Fig. 5(b). The spectra associated with the sharp leading
edge of the backscatter return at a range of 1200km and other spectra over the next 375km are all seen -.
to be relatively sharp. On the other hand (Fig. 11(b), for the ionogram of Fig. 5(d)) the backscatter
leading edge spectrum at 5.0 MHz is broad. This feature is confirmed in the data of Fig. 12 where
histograms of spectral widths near the leading edge for these two ionograms, as derived from data for a
range of frequencies, are contrasted. For the wedge-shaped ionogram of Fig. 5(c) the spectra at 11.0 ---
MHz (Fig. 11(c)) are also broad, despite the sharp leading edge.

Spectra are shown in Figs. 11(d) and (e) for frequencies of 11.1 MHz and 19.7 MHz, corresponding to
the diffuse auroral returns of Fig. 5(f). At 11.1 MHz associated with the diffuse aurora the spectra
are broad, but there are narrow spectral peaks at 1725 and 1800km range related to backscatter from the
Iceland coastline. For 19.7 MHz at ranges of 1200-1600km the diffuse aurora gives rise to spectra
consisting of narrow peaks superimposed on a broad background. Clearly there are a variety of spectral
forms and spectral width is not an unambiguous criterion for judging propagation mechanism.

6. CONCLUSIONS

There are shown to be a number of physical factors which make ocean surveillance more difficult
than at middle latitudes. Nonetheless the rewards of using an HF radar to collect data over restricted
ranges and times are considerable. The technique also has merit as an ionospheric probing tool, both
for synoptic and aeronomic studies.
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Figure 1 foF2 for 20 January 1981 at 2300 UT given by Rush et al.
(1982).
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Probability of foEs>'34 z as a function of Probability of F-region irregularity occur-
corrected geomagnetic latitude and local rence as a function of corrected geo-
time for 12 h UT in June with Kp - 4 (from magnetic latitude and local time for 12h UT
Elkins, 1980). Contours in increments of in June with Kp - 4 (from Elkins, 1980).
0.2. Contours in increments of 0.2.
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Figure 4 Sample widesweep backscatter ionograms taken in S. England:

(a) Regular F2-mode supported ground backscatter
-N beam, 13 June 1984, 1511 UT

(b) Multiple F2 and E/F1 mode supported ground backscatter

-N beam, 7 June 1984, 1002 UT.

(c) Ghosted leading edge attributed to F-region irregularities .
-N beam, 13 June 1984, 1907 UT.

(d) Direct auroral returns giving flat trace
-N beam, 20 September 1984, 1832 UT. PIT

(e) Auroral return with banded structure
-N beam, 25 October 1984, 1758 UT. ',

(f) Auroral trace with geometrical cut-off
-N beam, 8 June 1984, 2230 UT. ,. '
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Figure i Sample widesweep backscatter ionograms taken in S. England:

(a) Sharp leading edge with no lower-frequency retardation
-N beam, 9 October 1984, 0111 UT.

(b) Sharp leading edge with retardation at lower frequencies
-N beam, 18 September 1984, 2306 UT.

(c) Wedge-shaped trace .
-N beam, 20 June 1984, 0013 UT. -

(d) Thin auroral trace
-N beam, 30 September 1984, 2359 UT.

(e) Fat auroral trace
-N beam, 25 October 1984, 2047 UT.

(f) Diffuse auroral trace with Es below
-30*W beam, 24 October 1984, 0135 UT. - "-
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DISCUSSION

R.Greenwald, US
Do you feel that you can explain the ionospheric structure associated with your more complex ionograms from the
ionogram information alone? Wouldn't it be an improvement if you also had angle of arrival information?

Author's Reply
To date, we have devoted only limited effort to resolving propagation mechanisms. Useful clues came from examining
the diurnal and seasonal morphologies and in making comparisons with conventional propagation predictions. Clearly
the availability of other data collected simultaneously, such as up-range vertical incidence ionograms and magnetic
activity indices are of great value; present studies are using this information. We are also making comparison with

SABRE results. We would certainly welcome having elevation-angle measurements, but the complexity and cost of
these, coupled with their achievable accuracy, need to be carefully considered.

T.B.Jones, UK

Comment on statement by Dr R.Greenwald. Measuring the vertical angle of arrival does not necessarily lead to good

mode resolution. On oblique paths the angular separation of the modes is often only one or two degrees and is,
therefore, very difficult to resolve.

T.A.Croft, US ,-.,-'
To some extent our inability to identify the nature of the causes of bizarre backscatter records is due to research and
funding conventions and is not due to technical limitations. Most of the computer technology needed to simulate such
forms was fully developed 21 years ago. Most of the work that has ever been done was done at that time. What is
needed now is a "production line" which starts with a sequence of ionospheric models (i.e. Ne distributions) and yields,
for each model, an image of the backscatter record that each model would cause. My main point is that the technology W
and computer programs have existed a long time but our systems of research and funding do not result in such activity. %

All backscatter form explanations known to me have come from such an approach. The researcher has not set out to.4

explain a particular feature, but rather has formed or modified an Ne model without anticipating the form of the result.
Such work has been rewarding when previously puzzling features showed up in the simulated backscatter; once that
occurred the phenomenological explanations have always been forthcoming from computation elements. --

This "unexplained backscatter" problem is not due to the lack of a technical means for finding explanations. A wide-
ranging atlas of simulated backscatter would be of great value. The only creative aspect of making such an atlas is the
selection of models; the rest of the task is tedious, and similar to bookkeeping in character.
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Spectral characteristics of high frequency waves

backscattered by small scale F region irregularities

Evidence of strong sub-auroral ion flow

by ,,

A. Bourdillon S-

Laboratoire de Physique de l'Exosph~re

4 Place Jussieu

75230 Paris C~dex 05

France

Abstract

The spectra of H.F waves backscattered at night by small scale (10-20 m) sub-auroral F region irre-

gularities often exhibit large doppler shifts and widths in the local time sector 2000-2400. After local

midnight the doppler shifts and the widths of the spectra decrease rapidly. We present examples of

experimental data, obtained with the two coherent backscatter radars of the EDIA experiment, showing the '.

spectral characteristics just mentionned. From the doppler shift measured at the two sites we deduced ' ,%

the perpendicular velocity of the irregularities, which can reach values as high as 2000 m/s. These

observations are interpreted using results of theoretical models which predict strong sub-auroral ion

flow in the trough region

Introduction .

Irregularities with scales ranging from hundred of kilometers down to tens of meters are a common

feature of the high latitude ionosphere. Large scale ( >10 km) and intermediate scale structures (0.1

< X <10 km) have mainly been studied by satellite measurements [Dyson et al., 1974; Clark and Raitt,

1976; Phelps and Sagalyn, 1976], scintillations measurements [Aarons et al, 1969 ; Aarons and Allen, ,f.

1971; Aarons, 1973; Basu, 1978; Rino and Matthews, 1980; Fremouw and Lansinger, 1981; Livingston et al.,

19821 and incoherent scatter radars [Vickrey et al., 1980; Kelley et al., 19821. The density gradients

associated with intermediate scale structures can be unstable to smIll scale irregularities

A ,.10 m) which are detected by HF backscatter radars when the incident wave vector is directed normal %'

to the geomagnetic field. Bates (1960) reported early observations of direct backscatter from the

F-region and Bates and Albee (1970) described the aspect sensitivity of the echoes.

Recently, several experiments using HF coherent radars have been set up to study small scale irre-

gularities in the high latitude ionosphere [Hanuise et ai., 1981; Baker et al., 1983; Greenwald et al.

1983; Greenwald et al., 1985]. Bourdillon et al. (1982) reported first results of a bistatic system

(EDIA* experiment) which consists of two coherent radars located in middle latitudes, an experiment

mainly concerned with the study of sub-auroral F region irregularities. In the pre-midnight sector the

spectra of HF waves backscattered by sub-auroral irregularities often exhibit large doppler shifts and

widths in regions of a few degrees in latitudinal extent. The systematic azimuthal dependence of the

observed doppler shifts suggests a cosine type projection of the velocity of the irregularities along
the radar line of sight. A bistatic system thus allows the measurement of the perpendicular velocity of
the irregularities.

At least, three components contribute to the doppler shift measured by an HF radar

(a) the motion of the background plasma, (b) the phase velocity of the irregularities with respect to
the ambiant plasma, (c) the doppler shift induced by the temporal variations of the electron density

along the radio ray path.
Usually, at high latitudes, contribution (a) greatly dominates over contributions (b) and (c) . One

can then expect a good agreement between the velocity of F region irregularities and the convection "' .4

velocity of the plasma. In the polar cap Baker et al. (1983) found an average flow pattern of F-region -*."C..

irregularities consistent with standard convection models.

• EDIA is the french acronym for Etude Doppler des Irr6gularit s Align~es.
_ _ -. ..C



4.2-2

In the sub-auroral F-region we observed irregularities with relatively high westward velocities. We

expect this westward irregularity flow to be closely linked with the sub-auroral ion flow enhancement

(the so-called SAID) detected on board satellites [Smiddy et al., 1977; Maynard et al., 1978; Spiro et

al., 1979; Rich et al., 1980; Maynard et al., 1980]. In one case, reported by Smiddy et al. (1977), the

poleward electric field at 1500 km was 245 mV/m, which corresponds to a westward drift velocity of 9,8

km/s. Satellite observations of such strong events are unfrequent. Our radar measurements show that

westward velocities of 1500-2000 m/s are common phenomena, in the sub-auroral ionosphere, during

substorms. In the present paper we discuss the characteristics of the spectra of HF waves backscattered

by sub-auroral F-region irregularities and we present one example of a relatively strong westward flow

observed in the pre-midnight sector on December 16, 1982.

Experimental set up

The EDIA system consists of two pulsed wideband coherent backscatter radars located in southern

France. The first radar is located near Valensole (440 N, 60E) and the second near Bordeaux (450 N, 10W) "

At Bordeaux the beam of the antenna is oriented in a fixed direction (60E). At Valensole a linear phased

array can be steered in a sector of ± 480 centered on the direction of the geographic north. The angular

separation between the beams near azimuth 00 is 30 which is roughly the 3 dB beamwidth at a frequency of

15 Mhz. During the EDIA experiments seven beams only were used in the sector 0 to 180 West. Geographical .6 %

coverage of the two radars is depicted in figure 1 and characteristics of the antennas can be found in

table I.

Data presentation

Figures 2 and 3 give examples of spectra recorded on Dec 14, 1983, respectively at Valensole and

Bordeaux. At Valensole 24 range gates separated by 75 km were spectrally analysed (FFT algorithm with 64

complex points). Each spectrum is the average of 15 spectra. In this mode the transmitted pulse length .'.

was 500 Vs. corresponding to a radial resolution of 75 km. Acquisition and calculation time for one

azimuth is about 50 seconds. Every 5 minutes the Valensole's radar performed a fast azimuthal scan, with ,

a transmitted pulse length of 100 Vs, to measure the backscattered power with a 20 km radial resolution.

The integration time used was 0,4 second. To take into account the longer calculation time at Bordeaux,

because of the reduced computing facilities at this site, one cycle of analysis was completed every 15

minutes. At Bordeaux 15 range gates separated by 75 km were spectrally analysed (fig.3) and each .

spectrum is the average of 4 spectra. The data plotted in figures 2 and 3 were recorded between 2215 and

2230 UT. For comparison purpose, figure 4 shows the spectra recorded two hours later (0015-0030 UT) at r

Valensole. An increase of the doppler shifts and widths is observed in figure 2 from gate n0 1 (group %#-

path GP = 1000 km) to gate n°8 (GP = 1525 km). Beyond gate n°8 the doppler shifts and widths of the

spectra decrease somewhat. Several spectra are structured with two ore more peaks. A typical example of

a double peaked spectrum is observed in gate n0 12 in azimuth 180 W. In this case it is clear that the

double peak is due to the spatial variations of the doppler shift within the resolution cell. Such a

structure could probably be resolved using narrower antenna beams and shorter transmitted pulses.

An important point evidenced by figure 2 is that the positive doppler shifts oberved in azimuth 00

decrease and become more and more negative in the westernmost azimuths. The variations of the doppler

shifts with azimuth are in agreement with the positive shifts usually observed at the same time at

Bordeaux in azimuth 60E (Fig.3). On noisy spectra the peaks centered at zero doppler shift are of

instrumental origin and they must be discarded. Similar variations of the doppler shifts, but of weaker

amplitudes, were observed at Valensole two hours later (Fig.4).

The backscattered power recorded in azimuth 150W on Dec 12-13 and 14-15, 1983 is plotted respec-

tively in figures 5 and 6. These plots demonstrate the variability of the backscattering regions
observed at one day interval. During the night Dec 13-14, 1983 scattering regions were also detected but

with a very low signal-to-noise ratio and they are not presented here.

The mean doppler shifts and widths, computed in each of the resolution cells, are plotted in

figures 7a and 7b, respectively in azimuths 0' and 15'W. In the pre-midnight sector one finds again the

negative doppler shifts in azimuth 15'W and the positive doppler shifts in azimuth 00. Figures 7a and 7b



also show the correlation between the width (lower panel) and the doppler shift (upper panel) of the

spectra. The computation of the mean doppler shifts and widths works well for high signal-to-noise ratio

and without interfering signals so it is mainly used as a quick look on the data. To construct a,:.-'a.< .

velocity map with the maximum number of points, a visual inspection of the spectra is needed, which is a

rather tedious task. A velocity map obtained by combining the doppler shifts measured at Valensole and

Bordeaux on Dec 16-17, 1982 is presented in figure 8. The velocity maps of the previously presented data

are not yet available but the map in figure 8 shows the general characteristics of the irregularity flow

in the sub-auroral F region. In constructing this map the components of the velocity were projected in a ,

geomagnetic coordinate system and strict perpendicularity between the incident wave vector and the

geomagnetic field was assumed. We are then only concerned with the perpendicular component of the flow. .

To reduce the effects of spatial variations of the velocity, the doppler shifts measured at Valensole

and Bordeaux were only combined when the local time difference of the center of the corresponding range

cells was smaller than 10 minutes. A strong westward flow (V > 2000 m/s) is observed near 600

(geographic latitude) between 2230-2330 LT. It decreases rapidly after local midnight to form a

southeastward flow near 02 LT with a westward return flow at lower latitudes. Figure 9 shows the

westward component of the velocity for five values of the geographic latitude (the experimental values

were interpolated using a cubic spline). The upper panel shows the H component of the magnetic field

recorded at Tromso for the same period. The increase of the westward velocity is clearly correlated with

the onset of a substorm.

Discussion

As described above the EDIA radar data indicate that the westward velocity of small scale

sub-auroral F region irregularities can reach values as large as 2000 m/s. Considering the geometrical

configuration of the experiment such high velocities involve aliasing of the spectra when the azimuth of

observation moves somewhat aside of the direction of the geomagnetic north. This is schematically t,.

depicted in figure 10-a. Part of the broadening of the spectra can be attributed to the finite antenna
beamwidth (Fig 10-b). The experimental values of the spectral width can be larger or smaller than the

theoretical width deduced from geometrical considerations alone. In the former situation it is expected

that turbulence within the scattering volume widens the spectra. The latter situation can probably be

attributed to an inhomogeneous cross-section in the scattering volume. We sometimes detected strong

scattering regions with no characteristic peaks appearing in the spectra. These events are most likely -

linked with very strong velocities producing broad spectra which look like white noise spectra because

of the aliasing effect. To measure the very strong velocities it would be more suitable to transmit a r:. .

multipulse sequence [Greenwald, et al., 19831 rather than the single pulse we used until now. At time of

strong doppler shifts the operator can change the pulse repetition frequency but the ambiguity in range -

can then become another problem.

The event reported here presents the following characteristics

- a strong westward flow in the pre-midnight sector. The corresponding northward electric field

value would be about 90 mV/m.

- an intensification of the velocity associated with substorm activity. " ,

- the event is restricted to a narrow latitudinal region.

- the duration of the event is somewhat less than 2 hours.

These characteristics are in agreement with localized westward plasma flow velocities in the ,

sub-auroral ionosphere as reported for instance by Rich et al. (1980). Baker et al. (1983) consider that
theory of the mcsurements performed by coherent radars is "still in need of refinement". Our results

seem tu be in favor of the possibility to use HF radars to study the convection velocity of the plasma.

More theoretical and experimental efforts are nevertheless necessary to get a clear understanding of

this point.

Southwood and Wolf (1978) provided a simple model to explain the formation of large sub-auroral -

electric fields. In their model a northward electric field is generated when ring current ions penetrate
to a lower L shell than the plasma sheet electrons. The magnitude of the field is inversely related to

the separation of the two boundaries. Large sub-auroral electric fields also appeared in computer

simulations [Harel et al., 1981]. However, experimental measurements of high electric field inside the

plasmasphere contradict the simple model of Southwood and Wolf (1978) and the simulations of Harel et
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al. (1981) [Maynard et al., 1980]. Using a semi-analytical model, Senior and Blanc (1983) were able to

explain the large sub-auroral electric field intensities. In particular they found a meridional electric

field amplitude somewhat less than 100 mV/m for a 3 degrees displacement between proton and electron

boundaries, which is in good agreement with the event we reported here.

Conclusion

We presented data showing the doppler shifting and broadening of the spectra of HF waves

backscattered by sub-auroral F region irregularities.

By combining the doppler shifts measured at two distant sites we were able to construct a map of

the perpendicular velocity of the irregularities. This map shows a strong westward flow (V _ 2000 m/s)

in the pre-midnight sector during substonm activity.

We interpret this event to be the signature of a SAID (large sub-auroral ion drifts).
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Table I Antenna system of the EDIA experiment

Valensole

Transmitting antenna

Array of 16 broadband elements spaced 8 m apart.

Beamwidth : 60 at 20 Mhz
Azimuthal coverage + 530 (13 positions)

VSWR 2 :1 from 8 to 30 Mhz
Side lobe level : - 13,5 dB

Front to back ratio: 20 dB

Peak transmitted power : 100 Kw

Receiving antenna

Broadside Array of 32 whip pairs spaced 11,50 m apart. :.'
Beamwidth : 20 at 20 Mhz

Azimuthal coverage + 480 (33 positions)

Side lobe level - 21 dB

Front to back ratio : 10 to 20 dB

Bordeaux

Transmitting - Receiving antenna

Array of 32 broadband elements spaced 9,5 m apart.

Beamwidth : 2,4' at 20 Mhz

Main lobe bearing : 6o East

VSWR 2 : 1 from 8 to 30 Mhz 
On

Side lobe level : - 13,5 dB
Front to back ratio 'o20 dB
Peak transmitted power : 30 Kw
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VALENSOLE 14-15 DEC, 1983

F-9.2 Mhz

AZ Cwest) '

18 15 12 9 6 3 0 GROUP PATH
KL " j. .

(KM)

L~2.500

2200

A -A 1600

1300

1000
24,16,59 24,17.60 24,,IM68 24.10,S3 24,21.58 Z4. Z2, 53 Z4. Z4, so

Figure 4. Normalized doppler spectra recorded between

0015-0030 UT on DEC 14-15, 1983 at Valensole. The

frequency scale corresponds to t 407 rn/s. Each spectrum .

is an average of 15 spectra computed on 64 complex points.

The azimuth of the antenna beam varies from 0* (rightmost

column) to 18* West (leftmost column).
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ED IFA 12-13 DEC 1983 AZIMUTH= 15 W FREQ= 11.2 MHZ
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LFigure 5. Plot of the backscattered power measured at Valensole on DEC 12-13, 1983 in
azimuth 150 West. ::
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EDIA 14-15 DEC 1983 AZ= 15 W FREQ= 9.2 MHZ
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Figure 7b. Doppler shifts (upper panel) and widths (lower panel) of the spectra of

sub-auroral F region irregularities for DEC 14-15, 1983 in azimuth 150 West. The doppler

shifts are mainly negative.
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DISCUSSION

J.S.Belrose, CA

In describing the geometry of the experiment the authors have made mention of the aspect sensitivity of F-region
backscatter. While the ray path does not have to exactly be orthogonal to the earth's field, in our experience the I
backscatter is confined to region about ±10* off orthogonality.

Author's Reply
Refraction effects at HF permit the ray to achieve orthogonality over a wide range of azimuths including, in the extreme,
propagation towards the south. Where backscatter is actually achieved depends not only on orthogonality but also on
the existence of irregularities at these locations. This will certainly limit where backscatter is observed and will depend
on site location.

B.Reinisch, US
Your last figure showed an increase in plasma velocity from 800 to 180)0 m/s at the onset of a magnetic substorm. Did - .'-

the measurements show a simultaneous change in the direction of the velocity vector?

Author's Reply Y y.
There appears to be a small but distinct change in direction of the flow at the time of the increased velocity. .'..

J.Aarons, US
The particular region where the irregularities appear on the radar is a function of the refraction as well as the region .
where the irregularities exist. That is probably why the Canadian results (where the transmissions are launched at a high
latitude) differ from those launched at a lower latitude (Valensole).

Author's Reply
This comment agrees with my answer to the question by J.Belrose.

R.Greenwald, US
The drift velocity observations in December (last viewgraph) are consistent with the general high latitude convection
pattern under disturbed conditions. The large enhanced westward velocity may be associated with a further expansion %
associated with the substorm onset. It may be possible to confirm this hypothesis by looking for enhancements in the ,
eastward electrojet (westward flow) by checking magnetograms from lower latitudes.

Author's Reply
Regions of strong westward velocity are likely linked to a low E-region conductivity. The net effect on magnetograms is
then probably weak. .

% .-
• 'a% .'
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SMALL-SCALE IRREGULARITIES IN THE HIGH-LATITUDE F REGION

C. HANUISE and J.P. VILLAIN
Laboratoire de Sondages Electromagn~tiques de l'Environnement Terrestre

CNRS/Universit6 de Toulon, 83100 Toulon,France

C. BEGHIN
Laboratoire de Physique et Chimie de l'Environnement

45045 Orlbans la Source, France

G. CAUDAL
Centre de Recherche Physique de l'Environnement

94100 St Maur des Foss~s, France

SUMMARY

We report coordinated observations performed at high and very high latitudes in the european sector , .
with the ISOPROBE experiment on board the AUREOL 3 satellite, the EISCAT incoherent scatter radar and the rJ.- -
SAFARI HF coherent radar system. The latitudinal profiles of electron density measured by the incoherent
scatter radar are used to determine the influence of the propagation of the HF radio wave on the
detectability of the irregularities. The presence of HF backscatter echoes is also related to the
spectral power of the density variations deduced from in-situ measurements. The physical processes M, -I i.
leading to the formation of the fluctuations are studied at several wavelengths from in-situ and radar %

- . data. The phase velocity vector constructed from the radial velocities measured by two HF radars are . .'
*" compared to the plasma drift measured with the EISCAT facility under various geophysical conditions. The
,"'. excellent agreement between the estimates confirms, as predicted theoretically, that the F-region .' .-

small-scale irregularities are drifting with the bulk plasma. Their motion can therefore be used to
derive the two-dimen.sional flow pattern of plasma convection in the auroral and polar ionosphere. _o.

INTRODUCTION

The last decade has seen a tremendous development of the ionospheric research at high latitudes, -.

related to the primary importance of the auroral and polar regions to understand the global solar wind/
magnetosphere/ionosphere system. A large number of new ground-based and in-situ instruments has been
successfully put into operation during the period, among them the incoherent scatter radars located in
Alaska, Scandinavia and Greenland, and numerous, polar-orbiting satellites. Another technique useful in ' ---
this scope, owing to its most recent improvements, is the HF backscatter from small-scale irregularities
located in the F region.

The existence of field-aligned density fluctuations in the high-latitude F region has been known
since the late fifties from ground-based observations (Bates, 1959; Weaver, 1965, Hower et al., 1966).
Subsequent studies were developed with both in-situ probes and ground-based radars. Observations
performed with satellites confirmed the presence of structures ranging from tens of kilometers down to
tens of meters (Dyson, 19691 Mc Clure and Hanson, 1973; Sagalyn et al., 1974), while concurrent radar .
investigations helped to determine the characteristics of the fluctuations at the smaller wavelengths
(Bates and Albee, 1970; Baggaley, 1970; Basu et al., 1974; Oksman et al., 1979). These have been
relatively few due to the limitations of the HF radars, like the imprecision on the ray path, the poor -.. -
spatial resolution, or the lack of velocity measurements. It is only in the last few years that new-,, ..
phase-coherent HF radars have been specifically constructed to observe the high-latitude F region
irregularities (Hanuise et al., 1981, Greenwald et al., 1983; Hanuise, 1983). Their spatial resolution is
much improved over the older systems through the use of large antenna arrays, while sophisticated
computer equipment allows to derive the Doppler spectra and associated velocities from the backscattered
echoes.

In spite of the numerous observations already mentionned, few papers report on coordinated
experiments performed with ground-based and in-situ instruments (Kelley et al., 1980), especially for the
short wavelength part of the fluctuation spectrum. Such joint investigations are yet necessary to answer
the unresolved questions concerning both the generation of the irregularities and the relation between
their motion and the plasma drift. We therefore initiated a study combining the data from three
instruments operating in the european sector: the EISCAT incoherent scatter radar, measuring the electron
density and plasma drift velocity along a meridian scan, the SAFARI (Scandinavian And French Auroral '
Radar Investigations) HF coherent backscatter radar, detecting small-scale F-region irregularities, and
the Interferometer Self Oscillating Probe (ISOPROBE) on board the AUREOL 3 satellite, measuring the
electron density along its trajectory. The aim of our paper is to present the results of these
coordinated observations. In a first part, we describe the three instruments, together with the
geophysical and experimental conditions encountered during the campaigns. Then, we present and compare
the results obtained from each experiment and derive some physical parameters, such as, for example, the
minimum fluctuation level required to detect radar echoes. Finally, we draw a coherent picture for the
generation and the motion of the irregularities in the light of the theories existing for the
high-latitude F region.

DESCRIPTION OF THE EXPERIMENT

The coordinated observations presented hereafter have been performed during three campaigns .,

organized respectively in February 1982, December 1982 and December 1983 with the EISCAT incoherent
scatter radar, the SAFARI HF backscatter radar and the AUREOL 3 satellite. The data were not all gathered S..

simultaneously with the three instruments, because of various operational problems. For example, the _ *'

EISCAT radar did not operate in February and December 1982 as a consequence of its technical
difficulties, while the ISOPROBE experiment could not be used significantly during the December 1983
campaign because of inadequate orbit configuration. We have therefore concentrated our study on the
processes of irregularity formation during the earlier period, and on the comparison between the motion
of these irregularities and the bulk plasma drift during the later one.
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Fig. 1. Geographical configuration, projected onto the horizontal plane over
northern Scandinavia, of the SAFARI/ISOPROBE (Fig. la), and of the SAFARI/EISCAT
(Fig. ib) experiments. The hatched areas correspond respectively to the beamwidth
for the Oulu radar in Fig. Ja and to the radar cells at different distances along
the beams in Fig. lb. The dashed lines are projections on the ground of the
satellite orbits, and the dots are the locations of the EISCAT plasma drift
measurements in the course of a meridian scan.

The geographical location of the three instruments and the configuration of the experiment are
presented in the two panels of Fig. 1. The directions of the two SAFARI radar beams are drawn in a
geographic reference frame. In Fig. la are also indicated the area in which F-region radar echoes are
usually observed from Oulu, together with the horizontal projections of the orbits during which joint
data were obtained in December 1982 (Villain et al., 1985a). Four nights of coordinated observations were
performed, on December 8, 10. 16 and 17, but only one of the two SAFARI radars, in Oulu, was operating
during the first two nights. Fig. lb shows the configuration of the joint EISCAT-SAFARI experiment
performed on 10 December 1983. EISCAT operated in a meridian scan mode with 13 positions for plasma drift
measurements, which are plotted as full dots. The two HF radar beams intersected at the northern edge of .. r..

the scan, where three among the EISCAT positions could be used for comparative studies. The associated HF
radar cells are plotted on the figure as shadded areas.

Each of the instruments has already been described in the literature. We shall therefore limit
ourselves to a short summary of their typical characteristics during the joint campaigns. The two SAFARI
HF coherent radars (Hanuise et al., 1981), located respectively at Lycksele, Sweden, and Oulu, Finland,
were transmitting pulses 100 s long (corresponding to a spatial resolution of 15 km along the beam) at a
frequency of 14.4 MHz. They were therefore sensitive to irregularities of 10.4 m wavelength. The pulse
rate frequency could be varied by steps from 20 Hz to 1000 Hz. It was changed along similar patterns in
both stations in a way to avoid any range or frequency aliasing in the Doppler spectra. The two antenna -"- e% .
systems were not identical and their beamwidths were therefore different. The Lycksele array was made of
8 Yagi antennas spaced by 12.5 m, giving a half power width of the order of 10 degrees. In Oulu, the
array consisted in only 4 similar Yagi antennas installed 15 m apart, giving a half-power width of . %.,

approximately 16 degrees. The associated azimuthal resolutions were respectively 170 km and 280 km at a
range of 1000 km, which is typical for the observation of F-region irregularities. In Lycksele, the radar
beam was fixed towards geographic north, while, in Oulu, its direction could be changed by means of a
coaxial phase shifter. At the intersection of the two beams, the phase velocity vector could be computed
from the two radial components measured by each radar.4. %

The EISCAT facility (e.g. Baron, 1984) had been programmed to operate in a scanning mode along a -d" ..

magnetic meridian. For each of the positions, the electron density was sampled every 27 km along the
Troms8 line of sight. The remote stations at Kiruna and Sodankyl& were intersecting the beam at a
constant altitude of 325 km to measure the ion drift velocity at that altitude. The integration time on
each position was comprised between 60 s and 90 s. The pulse length of 360 ps was equivalent to a spatial
resolution of 54 km, which could be sensibly reduced through the use of an autocorrelation function. The
beam width was 0.6 degree at 3 dB or, correspondingly, the azimuthal resolution was 10 km at a range of

1000 km. The scattering volume probed by EISCAT at each point of its scan was therefore much smaller than . '
the corresponding cell of the HF radar.

The ISOPROBE experiment (Beghin et al., 1982), carried by the AUREOL 3 satellite launched in
September 1981, makes use of the mutual impedance probing technique originally proposed by Storey et al. .. %

(1969) to measure the characteristics of thermal electrons. Two identical, but oppositely directed, ' -
mutual impedance probes are used to excite the natural frequencies and thermal waves in the surrounding % %

plasma. They measure the upper-hybrid frequency with a precision of the order of 1.5 KHz and a spatial
resolution of the order of 10 m. Irregularities with wavelengths of the same order of magnitude are then
detected by ISOPROBE and the HF radars. Power spectra are computed for successive segments corresponding
to 1.2 s of data, or 10 km along the satellite trajectory. After removing from each section the
variations with scale sizes of the order of the record length, the resonance frequency is converted into
electron density. The data are then transformed into a zero mean time series of values of relative
fluctuations An /n , where n is deduced from the trend line, and spectral powers are computed by a Fast
Fourier Transform ?iFT) techneue.

| | | |
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Fig. 2. Projection, on the initial azimuth of the radar beam, of

the two-dimensional altitude-latitude map of electron density
obtained during an EISCAT meridian scan. The zero location " i

represents the radar station. This particular map has been obtained
on 12/10/1983 between 18:00 and 18:30 UT.

GEOGRAPHICAL LOCALIZATION OF THE IRREGULARITIE:S yteetlieo h ICTfclt sdrcl

The location of teionospheric volume poe ytestlieo h ICTfclt sdrcl
known from the geographical position of these instruments, but the problem becomes much more complex in
the case of the HF backscatter. Indeed, it is well known (e.g. Hanuiee, 1983) that the irregularities
present in the high-latitude F region are field-aligned, and can be detected by a ground-based
backscatter radar only when its wave vector is nearly perpendicular to the earth's magnetic field. In the

KM

auroral and polar ionosphere, the magnetic field is almost vertical, and this geometry cannot be achieved .

with a line of sight propagation from the transmitter. On the contrary, the rays need to be bent under ..

the effect of the ionospheric refraction, and this condition limits the usable radar frequencies to those -.

'.400

below about 20 M4Hz. The benefit of using an HF radar is nevertheless balanced to some extent by the .,,
increased difficulty in determining the exact location of the echoes, especially in the high-latitude

ionosphere where vertical, latitudinal and also longitudinal gradients are present in the electron
density, and unpredictable. ,

When electron density data are available from an incoherent scatter facility, one can partly c
overcome the above limitation by computing the paths of wave propagation in the real ionosphere (Villain .
et al., 1984). For our study, the two-dimensional maps of latitude-altitude profiles of the density 

' [-

measured by EISCAT during the meridian scans (e.g. Fig. 2) have been used for the ray tracing. The result-.-.- '""
will be strictly exact only if no spatial or temporal variations occur during the scan, which is
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certainly not the case at high latitudes for a 30 min. period. Nevertheless, the pattern derived from the
ray tracing gives an overall view of the conditions of propagation encountered during a scan. Moreover,
it reduces the uncertainty on the echo location, as most of the refraction needed to achieve the
perpendicularity condition occurs in the last part of the ray path in the F region. At any point in the
scan, we use electron density and backscatter data that are obtained simultaneously. The pzecision of the
ray tracing at this point is therefore much better than the precision which could be expected while
considering the ray tracing as a whole.

Fig. 3 presents the propagation derived from the electron density map of Fig. 2 for the HF radar at
Oulu, together with an example of AUREOL 3 trajectory. The darker segments indicate that the wave vector
is within I degree of normal to the earth's magnetic field. Tick marks are plotted on each ray every
100 km in group path. The f'.rst group of perpendicularity, between 300 km and 750 km in range,
corresponds to E-region altitudes and should be ignored. One observes that the perpendicularity condition
is almost continuously satisfied in the F region for group distances ranging from 860 km up to 1400 km.
During the first ten minutes of the scan, the Oulu radar observed the presence of backscatter from
900-950 km for the nearest echo up to 1300-1500 km. Thus, a good agreement is found between the distances
where the perpendicularity condition, as calculated from EISCAT data, is satisfied, and the distances
where radar backscatter is really observed. For the comparative studies, the HF signal is simply analyzed . -.,
at a distance obtained by the intersection of the magnetic field lines of interest with the rays that are
normal to it.

ISOPROBE ORBIT 2112 28.02.82
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Fig. 4. Electron density data measured by ISOPROBE on 02/28/1982. The upper panel shows the %
plasma frequency and the lower panel its fluctuations (opposite sign) in a band of 400 KHz
around the local mean value quantified by steps of 400 KHz. Note the correlation between the
sign of the density gradient and the amplitude of the fluctuations.

ISOPROBE/SAFARI OBSERVATIONS

Coordinated observations between the SAFARI radar and ISOPROBE have been successfully performed
during four nights in December 1982, on the occasion of seven passes of the satellite. Four among them,
at 20:30 UT on 12/8, at 19:45 UT and 21:33 UT on 12/10, and at 20:59 UT on 12/16, have been analyzed in
detail. The three others, showing no electron density variations in the raw data, have been missed out of
the study. As a complement, we have also used other data, gathered by the satellite while none of the . *

radars were operating. For example, typical patterns of in-situ data were obtained on 28 February 1982,
especially during one orbit at 20:58 UT.

The small number of joint observations is a consequence of the coincidence needed between the orbit
parameters and the requirements of the ISOPROBE experiment to perform measurements with a high
sensitivity and temporal resolution. Thus, all the observations were performed between 19:00 UT and
22:30 UT, i.e. near local magnetic midnight in the Scandinavian sector. Besides, their altitude varied
mostly between 400 km and 450 km, only one of the passes reaching altitudes up to 540 km. Finally, the
magnetic activity was very intense for the whole set of data, the Kp index being above 4 and up to 6+.

Fig. 4 shows a typical example of the raw electron density data derived from 10 s of ISOPROBE"- '

observations. The variations of the plasma frequency, Fp, which can be easily converted into electron

density, are plotted on the upper panel. The lower panel shows the same data, as coming out of the .*
discriminator channel, in a range of 400 KHz around a temporal mean value, which jumps by steps of
400 KHz. Note that this signal represents the density fluctuations in opposite phase. The spikes occuring
on the two curves are of instrumental origin and should be neglected. While comparing the two plots, one
notices that a clear relationship exists between the presence of the density fluctuations and the sign of
the density gradient. When the density decreases, as for example before 21:01:10 UT or between
21:01:16 UT and 21:01:17 UT, the fluctuations are absent from the lower panel. On the contrary, weak
variations are present when the gradient is slightly positive, as from 21:01:20 UT to 21:01:12 UT, but
the strongest fluctuations appear on the sharpest positive gradients, as from 21:01:12 UT to 21:01:14 UT
or from 21:01:17 UT to 21:01:18 UT. . ..

This association between the level of fluctuation and the density gradient led Cerisier et al.
(1985) to suggest that the irregularities are generated by the gradient-drift instability (Reid, 1968), a...
eventually extended to include the destabilizing effects of field-aligned currents (Ossakow and
Chaturvedi, 1979) . From the linear theory, the instability occurs when the convection velocity is

parallel to the density gradient. If the velocity and the gradient are antiparallel to each other, the .
mdlium remains stable. The electric field, as measured on board the satellite by the VLF experiment" '.....-.::
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Fig. 5. Power spectra computed from.1.2 s of ISOPROBE data on 02/28/1982,
corresponding respectively to positive (Fig. 5a) and negative (Fig. 5b) e
density gradients. The level of fluctuation is three orders of magnitude
larger in the first case, while the spectrum is steeper at small %
wavelengths in absence of large fluctuations. A break in the spectrum
occurs at a few hundred meters in both cases.

(Berthelier et al., 1982), indicates, for this example, that the convection velocity had a component
positively directed along the orbit. In agreement with the observations, the linear theory therefore
predicts that positive gradients will be unstable to the ExB instability. .. '-

The power spectra of the density fluctuations have been computed for two typical samples choosen
from Fig. 4. In the process, we transform the frequency spectrum measured in situ by the probe into a _
wavelength spectrum, simply obtained by dividing the satellite velocity by the frequency. We shall assume
that the irregularities are spatial rather than temporal when sampled by the satellite, and, also, that
the plasma velocity and the phase velocity of the fluctuations are much less than the probe velocity
(e.g. Kelley and Mozer, 1972). The larger scale size for which the spectrum is physically significant is %
approximately 2 km, since larger wavelengths could be affected by spurious power related to the
detrending process. For clarity of the spectra, the power plotted at smaller wavelengths is an average
over a number of points calculated in such a way as to keep equidistance between the plotted points for
the scale used. .. A

The two power spectra are plotted in Fig. 5 with logarithmic scales on both axes. Each of them has
been computed from 1.2 s of data and corresponds to one of the periods indicated as S1 and S2 in the raw
data (Fig. 4). The first spectrum (Fig. 5a) has been computed on a positive gradient associated with
strong fluctuations, while the other one (Fig. 5b) corresponds to a region of mainly negative or nul /
gradient with few irregularities present. One firstly notices the variation in spectral power between the
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rig. 6. Variation of the spectral shape with the amplitude of the fluctuations. On 12/10/1982

(Fig. 6a), strong fluctuations were present and the spectral index was -2.17. On 12/08/1982
(Fig. 6b), irregularities have a smaller amplitude. The increase at short wavelengths is an
experimental artifact. When the amplitude is very small (Fig. 6c), the spectrum is contaminated by
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10 mo, observed along the satellite trajectory for orbits:',5874 (Fig. 7a) and 5848 (Fig. 7b). The straight line

represents the strip of latitudes over which the spectral,, >

power is averaged. Note the ratio of 17 between the
fluctuations detected in presence or absence of HF radar
echoes. The eliminated data samples are plotted at the-,
bottom of the figure (see text). .[.

tw figures. When irregularities are fully developed, the power is three order of magnitude larger at '. "- .
shorter wavelengths, or higher frequencies, and is still about two orders of magnitude larger at longer"""
wavelengths. When we compute the spectral index, we obtain the best fit if we consider two straight lines
in the logarithmic scales used in the plot. A break occurs in the spectrum at a wavelength of a few
hundred meters, 120 m for S1 and 350 m for S2. It is more obvious in Fig. 5b, as the spectral indices are-...."
steeper at shorter wavelengths and shallower at longer wavelengths compared to the spectrum in Fig. 5a.-.-.-.
These characteristics are yet not a constant feature in the spectra, but are mostly seen, on about 10% of .""'%.,
the cases, when the level of fluctuation is high. This existence of a spectral knee was mentionned in
earlier studies (Phelps and Sagalyn, 19761 Kelley and Kintner, 1978) , but it occured at longer i *n-
wavelengths than observed with ISOPROBE. ""I

other examples of typical spectra, which do not exhibit the spectral knee, are shown in Fig. 6. They
correspond to data obtained during the SAFARI-ISOPROBE coordinated observations. Fig. 6a is associated
with large disturbances in the electron density profile. The spectrum exhibits a very regular shape from ,,
wavelengths of I km down to 16 m. The spectral index, calculated between I km and 40 m, is equal to 2.17 .
and is typical of the values between 2.0 and 3.0 found for the well defined spectra. When the level of

0fluctuation is less important, the slope is more complex. In Fig. 6b, the power is at least two orders of
magnitude less than measured in Fig. 6a, but also exhibits an increase at the higher frequencies. This
increase is not related to a physical phenomenon, but comes from noise and response of the telemetry %
system and affects essentially frequencies higher than 200 Hz (i.e. wavelengths below 40 m). The level of J
this threshold is of the order of a few 10

"5 
Hz' for RMS values of A n /n . When the fluctuation level

is extremely small, as in Fig. 6c, the spectral power comes mainly from the etelemetry noise. In the most €[''

important part of the spectral domain, it is at least four orders of magnitude smaller than in Fig. 6a.%
Under these conditions, the index computed from these spectra (1.1 for Fig. 60) is purely artificial and
has no physical meaning.

The spectra described in Fig. 6 are among those obtained while small-scale irregularities were Z..
detected with SAFARI. It is then possible to compare the irregularity amplitude, derived from the radar IL
observations, with the spectral power measured in-situ at the same wavelength. Though ISOPROBE is not iiii
sensitive to the 10-m wavelength fluctuations observed by the radar, it seems reasonable to extrapolate
the spectral power calculated for slightly longer wavelengths, namely 16 m to 40 m, down to 10 m with a".'. .. ,.... .
slope computed frc6 the whole spectrum. The result will, indeed, depend on the value of the slope. For .
example, a change of 1.0 in the spectral index leads to a change of a factor of 4 in the spectral power -

am... u" "..as
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deduced from 40 m down to 16 m. It is therefore necessary to eliminate the data which could introduce %
spurious effects. Thus, we have deleted wavelengths below 40 m in computing the spectral slope. we have ' .
also retained a mere quantitative information when the index was below 1.9, as such a "small value could
be due to the presence of noise at the higher frequen;ies.

The spectral power extrapolated to 10 m is plotted in Fig. 7 as a function of magnetic latitude for
two orbits of the satellite. Its average value for the strip of latitudes (69* - 75*) in which radar
echoes are most likely observed is also indicated. The data eliminated as discussed above are shown at low
the bottom of the plot, but are not taken into account in the derivation of the average power. The first
pass (Fig. 7a) occured while radar echoes were simultaneously detected. The average power was -*

1.4 i0-9 Hz"1 , with a dispersion in a range of two orders of magnitude. In Fig. 7b, the average power is
only 0.8 10-10 Hz"I, and no radar echoes were observed at the same time. One should moreover notice that,
in this case, the computed average is a maximum, as many points were deleted from the computation.

The average power measured at the radar wavelength, exhibits a variation of a factor of 5 or more
(17 in our example) between the periods when radar echoes were present or absent. The amplitude of an
echo is proportional to the backscattering cross-section, which is itself proportional to n2 (An /n )2e e [
(Booker, 1956). Introducing the absolute electron density measured by ISOPROBE and the aforementonned
ratio of 5, we find a variation of at least 10 in the backscatter factor. This should correspond to a * -
difference of 10 dB in the signal to noise ratio. As a matter of fact, the radar also measured a value
next to 10 dB or greater when fluctuations were simultaneously present in-situ. .% % IV

EISCAT/SAFARI OBSERVATIONS.

The EISCAT/SAFARI coordinated observations were performed in December 1983. Simultaneous data were
obtained on 12/10, between 18:00 UT and 20:30 UT. A synoptic view of the geophysical conditions
prevailing at that time, as measured by EISCAT, is presented in Fig. 8. The ion drift is plotted in
invariant latitude-MLT coordinates, and the larger dots indicate the vectors for which the comparison has
been carried out. The dotted line clearly separates two regions of reversed plasma flow, and is
recognized as the Harang discontinuity. The distinction between the regions of reversed flow is not so '
clear at the northern latitudes, where the comparison will be made, but is true on. the average. A very
dynamic plasma flow is observed on the poleward side of the discontinuity. During this period, the
magnetic activity was disturbed, with the Kp index in the range 4 to 5. These observations of the Harang
discontinuity are in agreement with previous results (Nielsen and Greenwald, 1979), which found the , % -% .
plasma flow to be more irregular on its poleward side, and to include large swirls with spatial scales of .
hundreds of kilometers.

The details of the comparison between the velocity of F-region small-scale irregularities, detected ' 9." "
by SAFARI, and the ion-drift velocity, measured by EISCAT, have been given in a paper by Villain et al.
(1985b). we shall therefore present only the main conclusions of the joint study. The two velocities have
been compared in six points obtained in the course of two meridian scans. The range at which the HF -
backscatter has to be compared to the EISCAT data is determined from the ray tracing presented in a
previous paragraph. The SAFARI data have been analyzed in two steps. Firstly, the number of averages was
such that the integration time was, as best as possible, equal to the EISCAT integration time. Other
analyses were also carried out with shorter integrations, so as to detect any temporal variation in the
velocity. Eventual spatial variations were determined by sampling the signal not only at the group delay
calculated from the ray tracing, but also in an area of about 120 km along the ray path. Moreover, the
shape of the Doppler spectra is also indicative of the degree of homogeneity for the velocity inside the
scattering volume. A narrow and well defined peak corresponds to an homogeneous velocity field, while a " ".'.%
complicated spectrum is certainly related to variations inside the scattering volume. Considering the
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Fig. 8. EISCAT ion drift vectors in invariant latitude- MLT
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*comparison with SAFARI has been made. The dashed line
corresponds to the position of the Harang discontinuity as
deduced from the data.
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Fig. 9. Summary of the SAFARI Doppler spectra for the six
points of comparison with EISCAT. The grey area corresponds
to the projection of the EISCAT ion drift velocity vector on
the lines of sight of the SAFARI radars. Its width
corresponds to the error bars on the EISCAT measurements.

azimuthal width of a radar cell, which is up to 300 km, such conditions are likely to occur, especially
near the Harang discontinuity.

As a matter of fact, the Doppler spectra observed during the experiment fall into three categories
according to their morphological behaviours. The first category is made up from spectra that exhibit a
regular shape and small width, and do not show any spatial or temporal variations during the period of
integration. The second category includes the spectra exhibiting temporal variations in the course of the
EISCAT integration period. They are usually well defined, but their mean Doppler velocity changes
continuously. Finally, the most complex spectra are observed when, spatial and temporal variations are
simultaneously present during one EISCAT integration. The points located near the Harang discontinuity,
and thus in the region of splitting of the plasma flow, fall into this category.

Except for the points being part of the first set, the comparison between the EISCAT and SAFARI data
is not straightforward. Therefore, we have first projected the drift velocities measured by EISCAT onto
the directions of the SAFARI beams. These values, with their error bars superimposed on each spectrum as P i
a darker band, are plotted together with the SAFARI spectra in Fig. 9. For each point, the Lycksele
spectrum is presented at the top and the Oulu spectrum at the bottom. The mean phase velocity is shown as
a dashed line on the spectrum. In the case of P3, a mean phase velocity is deduced from each peak, since
the two spectral features are well separated. When the spectra exhibit single, well defined peaks with a
regular shape, as for P1, P5 and P6, the mean phase velocity fits perfectly to the EISCAT data. For P2
and P4, where spatial and temporal variations are evident, the dark band of EISCAT values lies within the -.
spectra, but the mean phase velocity does not fall exactly intc the same range. Finally, P3 presents an %

interresting configuration, where the EISCAT data fits well with only one of the two peaks present in
each spectrum. If we suppose that two independent convection cells were present in the backscattering
region, we can conclude that the smaller volume probed by EISCAT lies completely within one of the cells.

The direct comparison between the ion drift velocity and the phase velocity deduced from the SAFARI
Doppler spectra is shown in Fig. 10 for the full set of data. Let us review each of these points.

PI - The scattering volumes of the two instruments did not exactly overlap. In spite of this,
both direction and magnitude of the ion drift and phase velocity agree with each other. 4'
P2 - It has not been possible to distinguish among the spatial structures and temporal 

%

variations present in the Doppler spectra. We have therefore only drawn the average value of
the phase velocity. None of the two peaks present in the Oulu data (Fig. 9) fits the EISCAT
data. The two sets of data are probably not affected in the same manner by the variations,
explaining the observed discrepancy in the velocity vector.
P3 - The presence of two convection cells within the scattering region is well established from
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Fig. 10. Comparison of the EISCAT ion drift velocity and""" :[:[''[

irregularity phase velocity deduced from the SAFARI"...-•"
Doppler spectra (see text). .. '..["

data and built a second vector with the remaining peaks. The agreement is excellent with the
EISCAT value for the vector which corresponds to the same ionospheric volume, located on the T'

.'. -. °

eastward side of the SAFARI cell. Near the Harang discontinuity, this volume will therefore
observe preferentially the eastward convection, as verified experimentally. The same remark is "[[[.[
also true for P2..

P4 - The agreement is excellent in spite of some temporal variations in the SAFARI data. Note •""-'
that these are mostly seen in the Oulu data, and that the EISCAT volume lies exactly in the"'" "

- #-' //

center o1 the Oulu radar cell.inrt lo ya
P5 - The four vectors show thae velocity in the course of the EISCAT integration.

It rotates 50 degree towards the east, the last value being in agreement with the EISCAT
measurement. r corresponds to the same geographical location as P2, and the same remark

applies." . 'P6 - The agreement is excellent between both velocity vectors. rto inh SFIda Nt

DISCUSSION

The power spectra derived from the ISOPROBE data fit a power law with a spectral index comprised

Wbetween 2.0 and 3.0, for an average value of 2.3. In a few cases, a spectral knee at a wavelength of a
few hundred meters is also present. These characteristics are quite similar to those mentionned in
previous works. Most, if not all, of them reported a power law with an index in the neighborhood of 2.0.

For example, the Ogo 6 retarding potential analyser found a value near 1.9 over the range 70 m to 7 km.--,
(Dyson et al., 1974). ISIS measured positive ion irregularities between 200 m and t00 km. The averagevalue of the spectral index in the auroral zone and polar cap were respectively 2.0 and 2.05 (Phelps andSagalyn, 1976). The ISOPROBE results are in agreement with those, even if the slopes are sometimes

steeper. This might be related to its better spatial resolution ( w0 km for one spectrum), compared to the
distances between 60 km and 100 km over which the spectra wer c , pectr ne other instruments. of.

Several sources have been suggested to explain the production of the F-regio irregularities in the
high-latitude ionosphere. They include particle precipitations, generation by electrostatic turbulence
and generation by plasma instabilities. Gravity waves should also be considered as a possible seeding
mechanism, as observed at the equator (e.g. Kelley et al., 1981; Anderson et al., 1982). In addition, the
convection may act to distribute tur irregular plasma throughout the high-latitude ionosphere (e.g.
Kelley et al., 192). The present understanding is that the larger scale irregularities are originally
produced by precipitations (e.g. Vickrey et al., 1980; Kelley et al., 1980), and that plasma
instances tee ftek ad 10 kmtabilize the shorter wavelengths. Among these, the relative geometriesof electric and magnet ic fields make the gradient-drift instability (Reid, 1968), or the

Sdcurrent-convective instability in presence of field-aligned currents (Ossakow and Chaturvedi, 1979), a
* mehansmas bseved t te euatr (~g. elly e al, 181;Andesonet l.,198). I aditin, he .-
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good candidate. It has been shown, both theoretically (Chaturvedi and Ossakow, 1979) and numerically % %
(Keskinen et al., 1980), that non-linear saturation occurs through the generation of linearly damped % %
harmonics, and that the plasma becomes two-dimensionaly unstable with an irregularity flow determined by
the plasma motion. other mechanisms have also been proposed, which may operate in specific conditions.
They include instability due to electrostatic electron velocity shears in short-scale structures of
field-aligned currents (Keskinen and Huba, 1983), temperature gradient-drift instability (Hudson and
Kelley, 1976), ion-cyclotron instability (D'Angelo and Motley, 1962), and velocity shear instability ______

transverse to the magnetic field (Kintner and D'Angelo, 1977).
The various observations presented in this paper will help to progress in the understanding of the

mechanisms operating in the high-latitude F-region. The correlation, shown in Fig. 4, between the level
of fluctuations and the electron density gradient suggests that the gradient-drift instability operates
on the edges of the large-scale irregularities to destabilize the smaller wavelengths. The spectral index
obtained numerically for the same instability (Keskinen and Ossakow, 1983) is of the order of 2.5, and is
nearly identical to the average in-situ value measured by ISOPROBE. Of course, the theory is not strictly
valid down to the wavelengths detected by the HF radar, which are close to the ion gyroradius, but the
physical picture of the process remains similar. The small percentage of spectra exhibiting a break in
their slope might have to be considered separately. In this case, the variation is approximated by two
power laws, with a shallower (steeper) slope at longer (shorter) wavelengths. The existence of a break in
the spectrum has already been mentionned in previous works (Phelps and Sagalyn, 1976; Kelley and Kintner,
1978), but, in both cases, the knee occured at longer wavelengths, of the order of several kilometers. ..
For most spectra, the two' indices are in good agreement with the predictions of the theory for inertial -.
turbulence in a two-dimensional magnetized plasma, namely 5/3 and 3 (Kraichnan, 1967). The break could
also be related to the limit between unstable and damped modes of the gradient-drift instability.
Computing the limit from the linear theory in the case of classical diffusion, one finds a value of
several tens of meters, slightly lower than observed experimentally. The lack of knowledge in the e. .
diffusion mechanisms and coefficients is nevertheless sufficient to eventually reconcile the computation . *

with the data.
All the aforementionned processes, investigated for the generation of the irregularities, predict . .

-
.*s

.
.

theoretically a very low phase velocity, mainly because both ions and electrons are collisionless in the ,%. .
F region. The fluctuations detected by the radar should therefore follow the bulk plasma motion under the '5 S
influence of the convection electric field. This prediction was verified experimentally, for velocities
up to 900 m/s, during the joint SAFARI/EISCAT observations. The discrepancies noted during the comparison
could be easily explained in terms of spatial variations within the HF radar cells, which had a large
latitudinal extent. The effect could be reduced with a better azimuthal resolution of the antenna array.
A new system of dual HF coherent radars, featuring improved performances over the SAFARI system, is , -
currently developed by french and american groups in northeastern Canada (Greenwald et al., 1985). It
will be able to study the ionosphere at very high latitudes in a region including the Sondre Stromfjord
incoherent scatter radar. It will, among others, draw two-dimensional maps of the convection over an area
as large as 100Ox1000 km

2 
with a spatial resolution of 60 km by 30 km at a range of 1000 km and a typical

temporal resolution of 80 s. In future years, this instrument will be a primary support of a large number
of space-borne and ground-based instruments.
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ON THE RELATIONSHIP OF F-REGION STRUCTURE IN THE DAYSIDE AURORAL OVAL
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Ionosonde measurements in the vicinity of the dayside auroral oval are characterized by complex •
signal returns. These are thought to be associated with the structure of the electron density in the F-
region attributed to processes associated with the polar cusp.

This paper describes the results of a comparison of simultaneous, incoherent-scatter radar measurements
and ionosonde measurements of the dayside auroral-zone ionization. This experiment takes advantage of the ..

unique geometry of the Sondrestrom radar operated by SRI International at SGlndre Stroknfjord, Greenland, and
the ionosondes operated by the Danish Meteorological Institute at Gidhavn and Sondre Strdmfjord, Greenland.
The radar was operated while the antenna scanned in the magnetic meridian. The locations of the ionosondes '-:. ,
are in that meridian. The radar data greatly assist in the interpretation of the complex ionograms. %

The F-region structure in electron density is closely associated with specific features in the plasma
convection patterns. In this study, we examined the F-region structure associated with the plasma convec-
tion reversal (polar-cap boundary) in the postnoon sector and its ionogram signature.

The ionograms are characterized by oblique echoes when the convection reversal is either poleward or
equatorward of the ionosonde. The radar data indicate that the gradient in the electron density enhancement 'V
is similar on the poleward and equatorward edges, and that the enhancement is extended along the convection
reversal for many hours. When the reversal is in the vicinity of overhead of the ionosonde, the ionograms
are characterized by intense sporadic-E layers.

These signatures are similar to those assumed to be produced by the polar cusp in other studies.
1
'
2  

%
However, in this case, the F-region structure responsible for oblique and sporadic returns seen on the iono-
grams is associated with soft-particle precipitation associated with the plasma convection reversal or
polar-cap boundary.

1. INTRODUCTION

The dayside auroral-zone ionosphere has been examined for many years using ionosondes. The ionograms
are frequently characterized by complex signal returns producing unique signal traces such as oblique echoes
and sporadic layers. The ionization structur causing these returns has been thought to be a result of cusp
particle precipitation H4eg and Ungstrup have used ray tracing-procedures to synthesize ionograms
using a model ionosphere with an enhanced F region similar to expected enhancements owing to cusp particle
precipitation. These simple models produce ionograms similar to those observe at high latitudes. With the
establishment of the incoherent-scatter radar at S4ndre Str9ifjord, Greenland, we are able to examine the
dayside auroral zone ionosphere in much more detail and consequently assist with interpretation of ionograms
using actual ionization profiles. We find that the electron-density structure is closely related to the
plasma convection pattern. Specifically, we frequently observe F-region density enhancements in the postnoon
sector corresponding to the shear reversal in plasma convection.

5 
In this paper, we compare the radar data

during such an event with ionogram data taken at Ggdhavn and S~ndre Strmfjord.,-'

2. OBSERVATIONS

The incoherent-scatter radar at S4ndre Stramfjord can measure backscattered signal power and spectral .
variations. From the backscattered signal power we can deduce the electron density. The spectral width %

provides the plasma temperature, and the Doppler shift gives the ion velocity. In addition, the radar uses
a fully steerable antenna and can scan in latitude. For this experiment, the latitudes examined are from

7 0 O
70 to 800 invariant latitude. %

An example of radar data showing the plasma convection deduced from the ion velocity over a 24-hour
period is shown in clock-dial format in Figure 1. The pattern is generally a two-celled convection pattern.
Of particular interest is the well-defined shear reversal in the flow in the postnoon sector. These velo-
city shear regions are commonly associated with enhanced electron densities. An example of such a buildup
is shown in Figure 2. (This example was chosen because the electron density was strongly enhanced. It does
not correspond to the data set presented in Figure 1.) The electron density is represented by iso-valued r.-,
contours that are plotted as a function of altitude and distance north of the radar.* r.,

The lower panel shows the electric field components responsible for the I x drift. The reversal in

the nolth-south component of the electric field coincides with the density enhancement shown in the upper
panel. The electron-density enhancement is predominantly in the F region and occurs just equatorward of
the reversal of the north-south component of the electric field. In addition to the F-region feature, an . -
enhancement produced by harder precipitation can be seen down to about 130-km altitude.
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The event chosen for this comparative study of ionogram signatures to electron-density distribution
is 18 May 1983. On this day, the radar measured the convection pattern and electron density as a function
of magnetic latitude and time. These data are shown in Figure 3. The upper panel displays the convection
pattern. Quite noticeable is the east-west shear reversal in the post-noon sector. (A curve has been
drawn to assist the reader.) The lower panel shows the electron density at 250-km altitude. The convection
reversal boundary is reproduced on the lower panel. It can be seen that just equatorward of the shear
reversal is an enhancement in the elgctron density. This relationship is identical to that presented in
Figure 2 and also by Robinson et al.

. ii ." ".%."

We have examined data from the NOAA-7 satellite during this period. The satellite pass that occurred
near 1400 local time (LT) traversed this enhancement and observed upward field-aligned currents.

The lonosonde data are from two west-coast stations in Greenland--Gidhavn and Sindre Str~mfjord.
These two stations lie nearly in the magnetic meridian through the incoherent-scatter radar and are separated
by approximately 250 km (as shown in Figure 4). The ionosonde data show complex returns. To help interpret
these ionograms, we include figures from Hieg and Ungstrup.3 Oblique echoes, as shown in Figure 5 (i.e.,
decreasing virtual height with increasing frequency), are thought to be the result of reflections from -
ionization structures that exist in the vicinity of the dayside oval.

The ionograms, measured from G~dhavn and corresponding to the time of the radar data, are shown in
Figures 6 and 7. Oblique echoes similar to those in Figure 5 can be seen early in the period (e.g., 1259 LT,
1314 LT, and the like). The echoes become more complex with sporadic layers being observed by 1500 LT.
Oblique echoes are again visible by 1700 LT.

Early in the ionogram sequence, near 1300 LT, the radar data indicate an enhancement in the electron
density about 300 km north of S4ndre Str*mfjord, as shown in Figure 8. This enhancement is just north of
the G~dhavn ionosonde. Oblique echoes were observed during this time. Oblique echoes were thought tc
result from reflections from electron-density enhancements located equatorward of the ionosonde.

The radar data at 1515 LT are shown in Figure 9. The F-region electron-density enhancement is essen-
tially overhead of G4dhavn and the ionosonde observation of sporadic E is apparent. Near 1520 LT, the en-
hancement shown in Figure 10, is clearly equatorward of the Godhavn ionosonde, and oblique echoes are again ..
observed.

3. DISCUSSION " .5"

In order to summarize these results and draw conclusions, we have plotted the radar data and ionosonde
data together, shown in Figure 11. The data are shown versus time and invariant latitude. The location of
the G~dhavn ionosonde is shown at 770 invariant, and the Sondrestrom radar at 740 invariant. Along each of
these baselines is shown the foF 2 scaled from the ionograms from G~dhavn and Sondrestrom. Below each of
these baselines is indicated the nature of the ionograms--either as oblique (0) or as sporadic E (E).
Finally, the convection reversal boundary, as measured by the incoherent-scatter radar, is shown versus
latitude and time. We see that when the reversal boundary is overhead at Gfdhavn, the f0F2 is maximum--the .
same is also true at Sondrestrom.

The S~ndre Str~mfjord ionograms show more spread returns and are indicated by two dots joined by a
line in the f F2 data. When the reversal is clearly poleward of the ionosonde stations, as in the period
from 1300 to ?500 LT, the echoes are generally oblique. When the reversal is near overhead, sporadic E is
apparent. When the reversal moves equatorward, the echoes again become oblique. %%

In this paper, we showed simultaneous incoherent-scatter radar data and data taken from two ionosonde
stations in Greenland. The data indicate that echoes that are thought to be related to the polar cusp, i.e., -''
oblique and sporadic-E echoes, can be accounted for by structure produced along the convection reversal
boundary characteristic of the polar-cap boundary where particle precipitation is expected.
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*FIGURE 8 RADAR MEASUREMENTS OF ELECTRON-DENSITY CONTOURS. Note F-region enhancement north
of Gqidhavn. The arrow indicates Gddhavn's location.
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FIGURE 9 RADAR MEASUREMENTS OF ELECTRON-DENSITY CONTOURS. Note F-region density enhancement
over Gddhavn. The arrow indicates Gddhavn's location.
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OBSERVATIONS OF VERY HIGH LATITUDE IONOSPHERIC
IRREGULARITIES WITH THE GOOSE BAY HF RADAR

by

R. A. Greenwald and K. B. Baker
The Johns Hopkins University . ,

Applied Physics Laboratory 27 '- - --
Laurel, MD 20707.1'* .

USA

ABSTRACT

The Goose Bay HF radar is a sophisticated instrument capable of providing detailed information on '
very high latitude E and F region ionospheric electron density irregularities which act as a source of clut-
ter on OTH radar systems. Through the use of two parallel phased array antennas, this instrument is
able to image the location of these irregularities within a three-dimensional volume covering much of ,
northeastern Canada and Greenland. It is also capable of following the temporal variability of these ir-
regularities as well as determining unambiguously the Doppler shift and broadening of radar signals scat- "-'.'

tered by them. In this paper we present initial results with a single phased array antenna which represent .-, .,.'.

typical examples of the spatial intensity distribution of these irregularities at different local times. We
also present examples of Doppler spectra of the irregularities at different local times. Data of this type
are of appreciable value in ascertaining the techniques that must be utilized to improve clutter mitigation -.

on high latitude radar systems.

INTRODUCTION

The high latitude ionosphere has always been and undoubtedly will continue to remain a challenging
arena for the successful operation of HF radiowave systems. This region, which is directly affected by
disturbances on the sun and the many coupling processes that exist between the solar wind and the
Earth's magnetosphere and ionosphere, is readily perturbed by energetic particle precipitation in the form
of the Auroras Borealis and Australis, as well as by ionospheric and magnetospheric plasma instability
processes. As a consequence, the high latitude ionosphere undergoes structuring at both long and short
scale sizes. Large scale structuring causes short wave (HF) propagation paths to be radically different
from the paths that are predicted by commonly used ionospheric models (e.g., Croft, 1968). Small scale
structure scatters radiowave signals and, under appropriate conditions, can act as a severe source of clut-
ter on radar systems. The problem is particularly severe at HF frequencies where ionospheric refraction
plays a significant role in propagation and often causes signals from a radar to propagate perpendicular -
to the Earth's magnetic field in regions where small scale structure is present. This aspect condition
results in enormous enhancements of the scattering cross section of the irregularities and intense clutter
on radar systems.

The Goose Bay radar has been specifically designed to obtain an improved understanding of the
morphology of high latitude E and F region ionospheric irregularities and to understand the mechanisms
by which they are produced. Particular attention was given to designing an experiment that would be
capable of yielding information on (i) the spatial distribution of the irregularities, (ii) their short term
variability as well as their longer term variability with local time and season, and (iii) the Doppler spec-
tral characteristics of the irregularities and their dependence on differing geophysical conditions.

The radar as initially designed included only a single phased array antenna which provided azimuthal
resolution of 2.5*-6* depending on the frequency of operation. More recently, through the support of
Rome Air Development Center and the Defense Nuclear Agency, a second similar array has been added.' -

Together, they form an interferometer which is capable of determining ihe vertical angle-of-arrival of the -"

returning signals to an accuracy of approximately I*. This capability, which is not yet completely im-

plemented, is of considerable value as it enables one to determine the effects of large scale ionospheric
structure and nonvertical ionospheric density gradients on a radar's targeting capability. It also will en- .

able one to determine the vertical extent of the ionospheric volume from which clutter is being received.
This is an important capability as HF antenna systems in general have poor resolving capabilities in the -

vertical plane. .. ..

Another unique feature of the Goose Bay radar is the multipulse sounding sequence that is used.
This sequence enables one to determine unambiguously the De1,pler spectral characteristics of the back-
scattered signals as a function of range even if the irregularity structures are extended over the full field- -

of-view of the radar and they have Doppler velocities approaching 2000 m/.-"



~, ~ .. ~ A~.RT~ XJ X2V' ~ ~ ~W2~ -~~ ...-- : ....

4.5-2

In the following, we present a complete description of the Goose Bay radar along with examples of ,.
some of the results that have been obtained to date. These examples include two-dimensional maps of,,
backscattered power levels in the afternoon and evening local time sectors as well as representative exam-
pies of Doppler spectral observations in the noon, afternoon, and evening local time sectors. Other ex- . '

amples of this type of data, including two-dimensional maps of the mean Doppler velocity distribution
have been reported elsewhere (Greenwald et al.,1985; Greenwald, 1985).

DESCRIPTION OF THE GOOSE BAY RADAR

The Johns Hopkins University Applied Physics Laboratory (JHU/APL) HF radar is located in
Canada at Goose Bay, Labrador. This site is located in the auroral zone at 65° geomagnetic latitude
(53.4" geographic). The field-of-view of the radar extends northward from the site and covers a large b v
geographical region including portions of northeastern Canada and Greenland. Typically, the measure- ,?" . -

ments extend over an azimuth sector of 54° which is centered 2° to the east of geographic north, and
over a range interval of 300 to 2400 km. The viewing i, a is divided into 16 viewing directions, each
having an angular separation of 3.3 ° . Figure 1 illustrates a nlan view of the Goose Bay radar field-of- ', ' "

view. Also shown in the figure are the fields-of-view of a similar French HF radar presently being con-
structed at Schefferville, Quebec, the Sondre Stromfjord incoherent scatter radar, and the Millstone Hill _ --
incoherent scatter radar. The fields-of-view of the latter two radars are represented by the circle and the ''# ,,
arc segment, respectively. Eventually, the two HF radars will be used in a coordinated fashion to obtain
an improved understanding of the drift motions associated with small scale ionospheric structure.

A schematic diagram of the Goose Bay radar is shown in Figure 2. Most of the equipment including F
the on-line microcomputer, receiver, and frequency synthesizer is in a building located 274 m from the
center of the antenna array. At the center of the array, there is a second small shed which houses the
phasing matrix, beam select electronics, and the power supplies for the rf amplifiers and transmit/receive
(TR) switches. Finally, at the base of each antenna in the original phased array there is a small utility
box containing broadband solid state rf amplifiers and TR switches. At the present time, each of the t N'
power amplifiers is capable of 125 W peak pulse power, thereby yielding a total output power of 2 kW
from the array and an effective peak radiated power of 200 kW (this specification includes the effect of
antenna gain). In the future, we are planning to increase the peak radiated power of each amplifier to 2
kW. 4

The most important part of the Goose Bay radar is the electronically steered phased array antenna.
The o.. ginal array consisted of 16 log periodic antennas used for both transmission and reception in the
frequency band from 8 to 20 MHz. Each of these antennas is 12 m in length and has a maximum ele-
ment length of 15 m (the elements for the lowest frequencies are inductively loaded to achieve reso-
nance). The antennas are situated on top of 15.2 m towers which are also spaced 15.2 m apart. In the.'" -
Fall of 1984, a second array of 16 antennas was constructed 100 m to the north of the original array and
parallel to it. The second array will only be used for reception, and, through the use of interferometric
techniques, it will provide information on the vertical angle of arrival of the returning signals. . ., .

Figure 3 is a photograph showing a portion of the antenna system. In the foreground, are three of
the antennas of the original array and the shed which houses the phasing matrix. One can also see the
utility boxes which house the power amplifiers. They are located on the right-hand side of each tower at ' .
the approximate height of the shed. In the background of the figure, one can see 7 antennas of the new
array.

Signals to and from each of the antenna arrays pass through the broadband phasing matrix shown
schematically in Figure 4. The principal elements of the phasing matrix are the eight branching networks
noted as "phasing trees." On transmit, signals enter a tree from the receiver side and pass through a net- .'
work of power dividers and delay lines that ultimately produce progressive time delays at the 16 outputs
of the matrix. On receive, signals enter the tree from the antenna side and are reciprocally combined into -

0%a composite signal. Consequently, signals that are incident on the antenna array from the direction in
which the array is phased undergo constructive interference within the matrix. Signals from other direc- A
tions interfere destructively. Since the delay lines produce constant time delays, the direction of a particu-
lar antenna beam is independent of frequency. However, as the length of the arr?'v is fixed, the width of
each particular antenna lobe is frequency dependent.

Each phasing tree produces one set of progressive time delays across the array. The 4-way switches
are used to select one of the phasing trees, and the double-pole double-throw switches are used to deter-
mine whether the selected beam is directed to the right or left of the array normal. Through the use of
diode switches, the beam can be steered quite rapidly (- 20 microseconds) into any of the 16 beam direc-
tions within the true azimuth sector extending from 3370 to 270.
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Figure 5 illustrates examples of the theoretical two-way azimuthal patterns of the eight beams direct- %o.*

* ed to the right of the array normal. An additional eight beams are directed to the left of the array nor-
mal; however they have been omitted to avoid confusion. Below 16 MHz, the patterns do not exhibit any
significant grating sidelobes and other sidelobes are 27 dB below each main lobe. Above 16 MHz, grating
sidelobes appear for the outermost beams. For example, the power appearing at -44* in the 18 MHz plot
is due to a grating sidelobe of Beam 16. The power at -47.3* is due to a grating sidelobe of Beam 15,
etc. To date, these sidelobes have not intoduced any apparent ambiguities in interpreting the data.

Either of the arrays has a broad vertical pattern with an average half-power beamwidth of approxi-
mately 300. The peak of the vertical pattern varies from 150 at 20 MHz to 350 at 8 MHz. With this
broad vertical coverage, it is virtually impossible to obtain any information on the height of the ir-
regularity layer or on the propagation mode between the radar and the scattering volume. However, by
using the two arrays independently, one can determine the phase difference in the backscattered signal *

arriving at each of them. As shown in Figure 6, this phase difference may be related to the vertical ,.' ..K,.
angle-of-arrival of the returning signal. One can see that there is no ambiguity in the determination of '. '

the angle-of-arrival over the first 350 in elevation angle. This is the range of arrival angles that one
would expect for the backscattered signals, and it has been used to determine the separation of the two
arrays. Given the accuracy that one may achieve in determining the phase difference between the signals
arriving at the two arrays, it is estimated that one can expect to achieve an accuracy of V or better in
the determination of the angle-of-arrival.". -

The other unique feature of the Goose Bay radar is its use of the burst 7-pulse transmission pattern
shown in Figure 7. The backscattered signals from this transmission are sampled by the on-line micro-
computer and analyzed to yield, in real time, 17-lag complex autocorrelation functions of the backscat-
tered signals. These autocorrelation functions are averaged over an integration period and stored on
magnetic tape. At the Applied Physics Laboratory, they are Fourier transformed into Doppler spectra for -
subsequent analysis. ,.

The multipulse pattern is used to avoid the ambiguity that often results in the spectral analysis of
ionospheric irregularities. Since the irregularities are often observed over an extended range interval, it is
desirable to pulse the radar at a relatively low repetition frequency in order to obtain an accurate deter-
mination of the irregularity range. In contrast, signals backscattered from ionospheric irregularities at
high latitudes often exhibit appreciable Doppler shifts and Doppler broadening. In order to analyze these
signals properly, high pulse repetition frequencies are required. This dichotomy of analysis requirements
has been a continual frustration to radiophysicists. In the Goose Bay system, the problem is avoided
through the use of the multipulse pattern. As can be seen from Figure 7, the pattern yields all lags of a
17-lag autocorrelation function (0-17t0). Ideally, if all of the lags of the autocorrelation function were to _
occur only once, there would be no ambiguity as to the range of the scattering volume, even if the scat-
terers were to extend over the entire length of the sequence. However, lags tO, 2t0, and 3t0 all occur
twice, and lag 13t0 occurs three times. Fortunately, the time separation between the two occurrences of
lags tO, 2t0, and 3t0 is so large (-39 milliseconds under typical operating conditions) that it is impossible
to obtain simultaneous backscatter from two distinct scattering regions for the two repetitions of the pat- ...

tern. The 13t0 lag is a problem, but as there is normally little correlation remaining at the larger lags, it
has relatively little effect on the total autocorrelation function or on the Doppler spectrum that is derived
from it.

Another problem with the multipulse pattern is that it is entirely possible that a transmitter pulse
will occur at a delay for which the backscattered signals from earlier pulses are to be sampled. This
problem is particularly severe for certain range delays, and it can result in autocorrelation functions that
have a number of "bad" lags. Fortunately, the problem is entirely deterministic. One can use the good , -,-

lags of the autocorrelation function to obtain an improved estimate of the bad lags. An example of the
* improvement that can be obtained is shown in Figure 8. The upper portion of this figure displays an au-

tocorrelation function that is badly disturbed by the presence of transmitter pulses (it should be noted - . --

that most ranges do not have this problem). The lower portion of the figure shows the same autocorrela- .. .

tion function after the bad lags have been corrected. Bad lags due to foreign transmitters and the iono-
spheric sounder at the site may be removed in a similar fashion. The Doppler. spectra are calculated from
the corrected autocorrelation functions.

JUSTIFICATION FOR BROADBAND HF OPERATION

Small scale ionospheric irregularities have been observed in the E and F regions of the high, middle,
and low latitude ionospheres where they are produced by a variety of mechanisms (e.g., Fejer and Kel-
ley, 1980). In virtually all cases, these structures share a common attribute which is their tendency to be
elongated in the direction of the Earth's magnetic field. The physical reason for this elongation is that
the magnetic force confines the transport of electrons transverse to the field whereas it has no influence
on their motion in the direction of the field. Consequently, the small scale structures assume an elongat-
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ed shape. If we imagine for the moment that these structures may be represented as a collection of mag- i ,j
netic field aligned needles, then it is clear that they will present the greatest cross section to a backscatter
radar if they are viewed from a direction that is perpendicular to their axes. At middle and low latitudes,
it is possible to achieve such a viewing condition with a radar of any frequency, whereas at high latitudes i' " -
the near vertical magnetic field lines and the curvature of the Earth combine to present a situation for
which it is impossible to achieve this condition.

The geometry that one faces at high latitudes is shown schematically in Figure 9. Signals from a .,.
VHF or higher frequency radars are incident obliquely on irregularity structures in both the E and F
regions. Some of the incident energy is scattered by their regularities; however, the scattered signals prop- L
agate off into space. In contrast, signals from an HF transmitter are refracted toward the horizontal as
they enter the E and F layers. In this manner, they may pass through regions where the wave propaga-
tion vector is nearly perpendicular to the local magnetic field. Given that the regions also contain iono-
spheric irregularities capable of scattering the radar signals, then some of the incident energy will be :
returned to the radar where it can be observed. In principle, there may be as many as four regions where
the perpendicularity condition is fulfilled; these occur at the tops and bottoms of the E and F layers, ,
respectively. .

One of the difficulties associated with HF radar studies is that, during the course of the day, there is
a continual variation of the electron density profiles in both the E and F regions. At high latitudes, the '.,-
problem is futher complicated by the nonpredictive occurrence of energetic particle precipitation which . '
introduces additional variability to the electron density profiles. Thus, it is difficult to select optimal fre-
quencies for the operation of the radar and to understand completely the propagation modes between ra- , ,
dar and target. The choice of a broadband radar operating between 8 and 20 MHz has enabled us to -'
achieve the perpendicularity condition under many conditions. The use of the sophisticated Goose Bay
antenna arrays will hopefully enable one to understand the propagation modes.

SENSITIVITY OF THE GOOSE BAY RADAR

Recently, Walker et al. (1985a) have presented an analysis of the sensitivities of several radar sys- ,
tems, including the Goose Bay radar, to ionospheric irregularities. In their analysis, which assumed a
power law dependence of the form k-', n > 2, for the wave number spectrum of the irregularities, they
found that the signal-to-noise ratio (SNR) observed by the radar could be expressed as

IpW9 2 Pt X6o-X,,f r (n/2- 1) " .
SNR = rZ(AN2 )f 2(01) A---r-" KTrefB (2k)n-,/.

where

re is the classical electron radius, %
(AN2> is the mean square fluctuation of electron density,
f2  is a function of order unity related to the refraction and focusing of e

the beam,
/p is the pulse length,
W is the width of the antenna array,
g is the radiation pattern of the array,
P, is the transmitted power,
AOB is the beamwidth, .

r' I is the virtual range,
X0 is the outer scale length,
Xref is the reference wavelength, 15 m,
K is Boltzmann's constant,
Trcf is the sky temperature at the reference wavelength,
B is the receiver bandwidth, and %"... ..
k is the irregularity wavenumber. ..

One example of the authors' results showing the dependence of SNR on the root mean square fluctuation
level of the irregularities is given in Figure 10. This result, which assumes that the irregularities are situ-
ated at the maximum of the vertical pattern of radar antenna, indicates that for fluctuation levels of 104, •.
the expected signal-to-noise level is on the order of 30 dB. In practice, the backscattered signals occur at ,.
elevation angles that are well below the antenna pattern maximum and the expected SNR values are - .P
10-15 dB lower. Nevertheless, these calculations indicate that even modest fluctuations levels in the iono- . %
sphere may lead to significant radar backscatter.

In addition to obtaining a theoretical prediction of the sensitivity of the radar to ionospheric ir-
regularities, it is of interest to present a crude statistic of the probability of observing backscatter with
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the Goose Bay radar. Keeping in mind that the 1984-1985 time frame was approaching solar minimum
conditions, we have taken a random sample of 85 hours of radar observation spread over all local times
and over all four seasons. The following table categorizes these observations into whether backscatter
(both ground and ionospheric) was or was not observed during each of the hours. Note that the six-hour
period about local midnight has been separated from the remaining observations since there appears to
be a significantly higher probability of observing backscatter during this local time sector.

Table 1. Probability of Observing HF Backscatter

Time Sector No Backscatter Backscatter Total % Backscatter

Midnight 5 22 27 81
All others 28 30 58 52
All times 33 52 85 61

One can see from Table I that the Goose Bay radar is capable of obtaining backscatter for an ap-
preciable percentage of the total time. While some of these signals are actually due to ground backscatter
via a one-hop ionospheric path, other statistics that we do not show here indicate that ground backscat-
ter contributes to less than half of our backscatter observations. Moreover, on many occasions, as we
show in the next section, one obtains backscatter power images exhibiting superimposed ground and ion-
ospheric backscatter.

OBSERVATIONS WITH THE GOOSE BAY RADAR

We now present examples of the data that have been obtained with the Goose Bay radar. In Figure
11, one sees an example of an image of the backscattered power as it is observed in the afternoon local
tinse sector at 1920 UT (- 1600 magnetic local time (MLT)). The backscatter is projected onto a map of
northeastern Canada and Greenland under the assumption that it is located at an altitude of 300 km.
One sees that the scattering region stretches across the radar field-of-view, that it has a latitudinal extent
of several hundred kilometers, and that it exhibits SNRs of 12-18 dB. In this example, the total power
due to ground scatter and to ionospheric scatter has been plotted. Figure 12 shows the same time period
with the contribution due to ground backscatter removed. As one can see, there is very little difference
between the two figures, leading one to the conclusion that ground backscatter played a relatively minor
role in this example. One should not conclude on the basis of this example that ground backscatter al-
ways plays a minor role in the afternoon local time sector. The complexity of the backscatter map that ..
one observes is dependent on propagation conditions which are in turn dependent on the frequency of
operation and on the level of disturbance of the ionosphere.

In contrast to the previous two figures, Figures 13 and 14 represent examples of power maps of total
backscatter and ionospheric backscatter during a period in which a considerable portion of the total
backscattered power was due to ground backscatter. The data were obtained in the evening local time
sector at 2340:55 UT (-2015 MLT). For this example, the scattering regions extend both across the IN,
field-of-view and over a considerable range in latitude. Some of the more intense arc-like scattering.,.'
regions are due to ionospheric backscatter, whereas others appear to be due to ground backscatter.
Clearly, the propagation conditions for this example were considerably more complex than those that ex-
isted for the afternoon data. It is our hope that the information provided by our second antenna array
will eventually lead to an improved understanding of the propagation modes contributing to an image of
this type. . .'

After the raw autocorrelation functions have been corrected for bad lags, ground backscatter, and %. ',

disturbance signals, they are Fourier transformed into Doppler velocity spectra. As an example of the
spectral variations that are typically observed, Figure 15 represents some of the Doppler spectra that were
obtained in conjunction with the power map of Figure 12. Due to the relatively short minimum lag of
the multipulse pattern used and the relatively low frequency of operation (10.7 MHz), the Doppler spec-
tra are unaliased out to a Doppler velocity of 2340 m/s. Although this may appear to be an extremely

-* large aliasing velocity, it is not beyond the range of plasma drift velocities that have been measured at
high latitudes (e.g., de ia Beaujardiere and Heelis, 1984; Jorgensen et al., 1984). In the examples shown,
all of the spectra have relatively narrow Doppler widths, with the spectra obtained to the east of a mag-
netic azimuth of 35* exhibiting positive Doppler shifts and those to the west exhibiting negative Doppler
shifts. These characteristics are quite similar to those reported by Greenwald et al. (1985) for another ex-
ample of afternoon HF backscatter. The spectral variations are consistent with a bulk irregularity motion
directed slightly to the north of geographic west (-55 magnetic azimuth). The largest Doppler velocities
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are observed on the eastern azimuths where the speeds approach 700 m/s. It should be noted that these ,e

values are relatively modest in comparison to other velocities observed with this radar (e.g., Hanuise et . -
al., 1985; Baker et al., 1985).

A second example of Doppler spectra is shown in Figure 16. These data were obtained 30 April 1985
at 0311 UT (-midnight MLT). During this local time sector, one would expect to observe irregularities
flowing out of the polar cap toward lower latitudes. The expected motion is entirely consistent with the
positive Doppler displacements that are observed on all of the azimuths shown. In fact, positive Doppler
values were obtained on all azimuths for which scatter was observed. Another interesting feature of this
example is the appearance of significantly broader spectra at the highest latitudes. Doppler widths ap-
proaching 1200 m/s are observed in several examples.

As a final example of Doppler spectra observed with the Goose Bay radar, Figure 17 exhibits data
that are observed near local noon in the vicinity of the dayside cusp/cleft. These data were obtained at
1642 UT (- 1315 MLT) on 28 November 1983. Because this region is magnetically connected to the -.

boundary of the Earth's inagnetosphere, it is subject to particularly strong disturbances due to the inter-
action between the solar wind and the Earth's magnetic field. Spectra are presented for a large number .
of azimuths. The solid curves represent drift paths and are drawn to be roughly consistent with the ob-
served Doppler variations. Each spectrum has been individually normalized to the amplitude of its largest
Fourier component. Thus, only those spectra exhibiting a peak correspond to ranges from which there is
significant backscattered power. While many of the spectra in the figure have widths ranging from
400-800 m/s, there are also a number of spectra exhibiting widths in excess of 1200 m/s. The latter
group of spectra tend to occur at the highest latitudes and on the lowest beam numbers. The spectra on ","
Beam 2 have been reproduced in the lower left-hand corner of the figure in order to more clearly display
this spectral variation. For the local time of this measurement, the region most closely identified with the
broad spectra would be the polar cusp.

SUMMARY

The preceding examples represent just a few of the many results that have been obtained to date * -- M .

with the JHU/APL Goose Bay HF radar. Recent publications include studies of irregularity formation
and dynamics in the vicinity of the cusp/cleft (Baker et al., 1985; Walker et al., 1985b) and studies of ir-
regularity drift motion derived from the radar Doppler data (Hanuise et al., 1985). In addition, several
studies seeking to relate E and F region irregularity drifts with ionospheric plasma drifts are currently in
progress.

The radar is capable of yielding unaliased autocorrelation functions and Doppler spectra of the
backscattered signals from ionospheric irregularities. In the near future, it should also be capable of
providing information on the approximate height and thickness of the scattering volumes. The angle-of-
arrival information will also be of value in determining the relevant propagation modes in effect at any
particular time. As the capabilities of the radar are quite unique for high latitude HF radar systems, the '-

new information that will result from the Goose Bay measurements should be of value in the design of."
future radar systems.
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Figure 1 Field-of-view of the JHU/APL HF radar at Goose Bay,
Labrador. The radar may be pointed into any of 16
possible viewing directions. Also shown on the figure
are the nominal fields-of-view of the Sondre Stromf-
jord and Millstone Hill incoherent scatter radars and
the field-of-view of a French HF radar presently being
constructed at Schefferville, Quebec.
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Figure 3 Photograph of Goose Bay antenna array showing 3 antennas of 1W
original array in foreground and 7 antennas of receive-only ar- %
ray in background. Also shown is the shed which houses the phas-
ing matrix and power supplies.

Antenna outputs
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Figure 4 Schematic diagram of phasing matrix. The "phasing trees" establish the
progressive phase lag between antennas, the 4-way switches select the phas-
ing tree, and the crossover switches determine whether the beam is directed
to the right or left of the array normal.
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Figure 5 Theoretical two-way azimuthal patterns
for the eight lobes to the right of the ar-.e)
ray normal for several frequencies.
Lobes at negative angles for the 18 MHz
case are grating sidelobes of the right-
most lobes. A mirror image of these pat-
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normal.
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Figure 6 Plot of phase lag versus vertical angle-of-arrival ,.e: .,,q.'?
for signals incident on two antenna arrays sepa-
rated by 100 m along the direction of propa- -...-.
gation. Curves are given for frequencies of 10. ...."--"--'
and 20 MHz.. .
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Figure 7 Seven-pulse transmission sequence used for the determi-
nation of 17-lag autocorrelation functions of the backscat-
tered signals. From the autocorrelation functions, one can
derive Doppler spectra by Fourier transformation.
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12 1

C..g

Figure 8 Upper: Example of autocorrelation function of backscattered sig-
nal from a range that is seriously disturbed by sample gates oc-
curring during transmitter pulses (see text). Lower: Example of -

same autocorrelation function after the bad lags have been cor-
rected.
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Figure 9 Illustration of the manner in which VHF and higher frequen- ,.,.S

cy radar signals are scattered into space by very high latitude
E- and F-region electron density irregularities. At HF the sig-
nals are refracted toward the horizontal as they enter these two
ionospheric layers. If they are propagating normal to the mag- , "
netic field when they encounter a region of irregularities, the
scattered signals will return to the radar.
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Figure 10 Sensitivity of the Goose Bay radar to ionospheric electron density fluc-
tuations in the range from 1O2-l05 cm-3 .
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Figure 13 Backscatter power image obtained with the Goose Bay radar at 2340:55
UT (2015 MLT) on 12 April 1985.

Figure 14 Same backscatter power image as Figure 13 except that contributions
due to ground backscatter have been removed.
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Figure 15 Examples of Doppler spectra associated with the backscatter power image of -
Figure 11. Each spectrum is plotted linearly in power and normalized to the --,
power in the largest spectral component. The magnetic azimuth of 35 * is directed .-.

3° to the east of magnetic north. Note that the spectra are relatively narrow
and vary in a manner that is consistent with a westward irregularity drift.
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Figure 16 Examples of Doppler spectra that were obtained at 0311 UT (-magnetic mid-
night) on 30 April 1985 at a frequency of 10.7 MHz. Note that the spectra -
are appreciably broader than those in Figure 15 and that they have Doppler
shifts consistent with irregularity flow out of the polar cap.
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DISCUSSION ,"

G.Prolss, GE .- , ,
Are any correlations observed between the E-field magnitude derived from ion-drift measurements and the backscatter
amplitude? And, if yes, do they shed light on possible excitation mechanisms for the observed irregularities (plasma

*instabilities)?

Author's Reply
For E-region irregularities correlations have been observed between derived plasma drift velocity and irregularity
strength. This is consistent with their nature as plasma streaming instabilities. In the F-region, much less is known about
the nature of the small scale structure and the correlation studies have not yet been made. It has been observed on one
occasion that strongest backscatter is observed when one looks perpendicular to the drift direction.

N.C.Gerson, US
Because of the dynamic nature of the polar ionosphere there must be occasions when other than the midnight sector,
sudden, marked changes occur. Have any been observed?

Author's Reply
l am sure that there are many examples within our data base where sudden (<80S) variations can be observed in the .
radar backscatter and Doppler images. I feel that most of these variations will be limited to a portion of the field of view
rather than the field of view as a whole. Very large scale variations tend to occur on time scales of several minutes or
longer. .

J.Belrose, CA , . "
I would like to comment on the difference in the geometry and the nature of the auroral backscatter that we have .V ."
studied at Ottawa, compared with your experiments. In our experiments we employed a large sampled aperture "-
receiving array (SARA) at Ottawa, and a USAF HF transmitter at Rome, NY. We used vertical monopoles with
elevated feed for receive, and a rhombic for transmit. Our HF backscatter came from a region fairly restricted in , "
longitude, centered on magnetic north, from a region within the Feldstein auroral oval for the particular magnetic
activity at the time of the observation (i.e. at corrected geomagnetic latitudes, CGL <70). Observations that fell outside
the region where the ray path was greater than about ±1 0* off normality were considered to be due to the side lobe
response of our antenna system. This problem was very carefully studied by my colleague, L.E.Montbriand. The ,
geometry of your experiments, and the frequencies that you have used result in backscatter being observed well north of ", ,.

the auroral oval, at CGL -7 I must say however, I am puzzled by the apparent longitudinal extent of the backscatter .
that you see. Concerning time variability of backscatter, this is short, seconds or less.

Author's Reply
I frind your comment to be quite interesting and it indicates to me that the Goose Bay radar is apparently operating quite
successfully. Let me begin by noting that the Feldstein oval is located at much higher latitudes on the dayside than it is at
night. In particular, near noon it is co-located with the polar cusp/cleft. Moreover, the poleward boundary of the
Feldstein oval is closely related to the boundary between sunward and antisunward convection. In the afternoon and
morning local time sectors most of our observations exhibit Doppler variations that are consistent with sunward
convection, indicating that the irregularities are located equatorward of the convection reversal boundary and
presumably equatorward of the poleward boundary of the Feldstein oval. Thus, I would say that during these periods
much of what we observed is in the high latitude auroral zone. Also, during these periods much of the backscatter that
we observe extends across our field of view for distances of 800- 1200 km. On the extreme beams of our array the
scatter can be weaker or unobservable. We relate this to reduced antenna sensitivity and to a greater difficulty in
obtaining sufficient refraction to achieve good aspect angle sensitivity.

I should also note that during the afternoon and morning periods one can observe regions of backscatter that do not
extend across the field of view. Also, in the nighttime sector, where I presume you made many of your measurements,
the scattering regions tend to be more localized. I showed an example of more patchy regions of backscatter in my
presentation. Presumably this higher degree of patchiness is due to the increased latitudinal and longitudinal ionization
structure in the nighttime sector.

With regard to your comment on temporal variability. If one concentrates on a localized region, there can be e
appreciable variation on time scales of a few seconds. However, if one ignores the embedded fine structure the larger
scale features that I showed in my presentation can be roughly constant, for periods ranging from several minutes to
several hours.

.( ,, -
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Observations of the mid-latitude ionospheric trough from Antarctica
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ABSTRACT ""

Measurements of the ionosphere using two identical digitally controlled high frequency '.,.
radar systems have been conducted in the Antarctic from Halley and Siple Stations. These
stations are uniquely sited, both having essentially identical coordinates of geographic
and geomagnetic latitude. Furthermore, due to the large offset of the geographic and magnetic
poles in Antarctica, the difference in magnetic local time is less than half the separation
in local solar time. In this study, the locations of the minimum and poleward edge of the .t(.-
trough have been found for magnetically quiet intervals and mapped into invariant latitude. :.r
Simultaneous measurements of the trough location from Siple and Halley have been compared
using magnetic, local and universal time coordinates. For geomagnetically quiet conditions,
this analysis suggests that the invariant latitude of the poleward edge has a Universal Time
dependence prior to local midnight. ,

The presence of the ionospheric trough introduces a further degree of complexity to
the subauroral ionosphere which, in turn, complicates automatic realtime processing of digital ,
ionograms. Several examples of a technique termed elevation angle filtering are presented T. :
and the effect of the presence of the ionospheric trough on this process is examined.

1. INTRODUCTION

A unique feature of the sub-auroral ionosphere is a region of anomalously low electron density at
F-region heights. This region, which is commonly referred to as the main or mid-latitude trough, was
first discovered during the mid-1960's in measurements made aboard polar orbiting satellitesr
(1,2,3,4). This same feature was subsequently identified in data obtained by ground-based
techniques, such as the total electron content measurement and ionospheric sounding (5,6).
Recently, a comprehensive review of the observational and modelling results pertaining to the
mid-latitude trough has been presented by Moffett and Quegan (7) and the reader is urged to consult
this work for detailed references to a large body of earlier work.

The following list was compiled by Moffett and Quegan and summarizes those aspects of the
mid-latitude trough about which there is general agreement:

1. The mid-latitude trough is primarily a nightside phenomenon extending in a band from
the dusk sector to the dawn sector. It is most frequently observed when the solar zenith angle
exceeds 90". Troughs of the mid-latitude type have also been observed in the noon sector.

2. The trough is most regularly observed during winter and equinox; in summer it is only I ®
observed near local midnight. N

3. The poleward edge of the trough, usually seen as a sharp increase in electron concentration,
lies just equatorward of the boundary of diffuse auroral precipitation. The poleward edge is
usually steeper than the equatorward edge. %

4. The latitude of the trough decreases through the night. At quiet times there may be a .- \ .
movement back toward higher latitudes in the dawn sector. %

5. During periods of increased mangetic activity the trough moves to lower latitudes.
6. The occurrence of the trough and the validity of the previous points do not depend markedly on

solar cycle variations.
Moffett and Quegan also point out that there are certain aspects of the trough about which there is no
general agreement, such as its width or depth and the local time at which the minimum density
occurs. Questions of this nature will be examined in this paper. -4
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The Antarctic region is unique because of the large displacement of the South magnetic pole
from the geographic pole (8, 9, 10). This displacement causes differences of as much as 25" between ...Y..
the dip and invariant coordinate systems in certain sectors of the Antarctic. To quote from
Dudeney and Piggott (10), "the Antarctic offers unique opportunities for resolving complex
magnetospheric-ionospheric interactions in which both classes of mechanisms are involved and
separating these from phenomena determined by geographically controlled processes." It

Aeronomical research has been carried out in Antarctica by many of the Treaty nations since
the International Geophysical Year (11). Recently, two identical HF Radar systems were installed in
the Antarctic, one at Siple Station (by Utah State University) and the other at Halley (by the V
British Antarctic Survey). The HF Radar at Halley (referred to as an Advanced Ionospheric-2 A.'-
Sounder) has been operating continuously since 1981, whereas the Siple radar was operated during
1982 and 1983 and will be reactivated during 1986 and 1987 (Siple Station was closed in 1984 and-- .
1985). Siple Station was established in 1971 (and manned in 1973) by Stanford University primarily
in order to stimulate wave-particle interactions in the magnetosphere using VLF waves (12). The
station was established at the approximate magnetic conjugate of Roberval, Quebec in the Northern
Hemisphere. Fortuitously, Siple was sited at essentially the same latitude in both the geographic -"-

and invariant coordinate systems as the British Antarctic Survey base at Halley. No other station
pair in either hemisphere is comparably situated. Siple Station (75.94"S, 84.25W L=4.2) is .
situated in Ellsworth Land, while Halley (75.52"S, 26.62"W L=4.2) is located on the Brunt Ice Shelf, on
the eastern flank of the Weddell Sea. In solar time, Siple and Halley are separated by approximately
four hours, but the separation in magnetic time is much smaller, of the order of 1.5 hours. A map
of Antarctica upon which invariant magnetic time coordinates have been superposed is presented in
Figure 1. As will be shown in the following discussion, the measurements from each station can be
ordered and compared in different time frames.

This paper will focus on the results of the analysis of several periods of radar data acquired at - -

Halley and Siple Station during the austral winter of 1982. Analysis has concentrated on three
magnetically quiet intervals when both radar systems were operational. These periods are: 22-23
May, 3-4 July and 14-15 August 1982.

2. EXPERIMENTAL DETAILS

The NOAA HF Radar is a digitally controlled high-frequency radar designed and constructed by the
Space Environment Laboratory of the National Oceanic and Atmospheric Administration (13). The
radar measures the time of flight, phase, and amplitude of transmitted radiowaves reflected from
the ionosphere over the frequency range between 100 kHz and 30 MHz. Echoes are measured
simultaneously using pairs of dipole antennas aligned in the north-south or east-west planes. Each
pair of antennas is connected to a separate phase coherent receiver channel, the outputs of which
are combined by the computer to form an interferometer. The spatial location and polarization of each
echo can be derived from the interferometer measurements. These parameters are computed
knowing the radar wavelength and the phase difference of the echo wavefront incident on each
dipole antenna of a given pair. Hence, the excess path length to one antenna that the echo wavefront
must traverse if the wavefront is not normally incident on the array, can be determined. The
displacement of the echo from the zenith, in each plane of the receiving array, is found from the
ratio of the echo range to the antenna separation, multiplied by the excess path length. The azimuth
and elevation angles of the echo are found by simple trigonometry and the polarization by the
relative phase in the two planes.

All of the functions of the radar are controlled by the computer, which can also be programmed
to follow a detailed operating schedule. A typical operating schedule combines both the swept
frequency (ionosonde) and fixed frequency sounding modes. In the fixed frequency mode, up to 10
individual frequencies can be sampled, although in practice no more than three or four frequencies
are selected. This mode of operation can be used to track various features of the ionosphere it the
operator has selected appropriate frequencies. A combination of the two modes can be used to - ..-

obtain nearly continuous ionospheric measurements. Such measurements were made during the 14-
15 August interval when a common operating schedule was programmed at both stations. A realtime
display allows the operator to monitor the current sounding; the operating parameters of the .... ,-
radar can be interactively changed so as to optimize data quality.

While identical radar systems were installed at both stations, different types of transmitting
antennas are used and the length and spacing of the dipole receiving antennas differs. Since these
differences have an effect on the relative sensitivity of the two systems, they are worthy of note.
At Siple Station, the transmitting antenna consists of a traveling-wave dipole (14) 670 meters in
length while a vertex-down log-periodic antenna, having a maximum element length of 34 meters,
is used at Halley. The dipole receiving antennas used at Siple are 29.3 meters in length,
configured in a square the sides of which are 100 meters. At Halley the receiving antennae are 5
meters in length and are separated by 30 meters. The net effect of the different transmitting and
receiving antenna configurations is that the radar system at Siple attains a somewhat greater
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sensitivity at frequencies below about 2 MHz. At these frequencies, the difference in received signal
strength is estimated to be of the order of 10 dB. Another noteworthy difference between the two
stations is the distance to electrical ground; Halley is situated on the Brunt Ice Shelf where the
distance to ground is approximately 170 meters. Siple Station's location in Ellsworth Land is
farther inland where the ice thickness is approximately two kilometers. Since ice is a very good
attenuator at radio frequencies (15), Siple is located above an efficient absorbing layer and thus
second hop echoes (signals reflected twice from the ionosphere with an intermediate ground
reflection) are far less frequently observed at Siple than at Halley.

3. OBSERVATIONS1 .
The three intervals used in this investigation occurred during the three magnetically quietest

periods of the entire 1982 austral winter. The Kp values for the preceding day and the day used in
the analysis are shown in Table I. Magnetometer, riometer and VLF data from both stations have
been examined and were found to be representative of quiet conditions. The VLF records show -. -
persistent multi-path whistlers with no indication of knee whistlers, which would imply that the .'Z.,
plasmapuase was located considerably poleward of L=4.

In order to illustrate the ionospheric signatures typically associated with the occurrence of the WOOL

mid-latitude trough, an ionogram recorded at Siple Station at 0630 UT on 15 August 1982 is shown in
Figure 2. The two distinct features present in the F-region are a highly spread region between 1.1 ,
and 7 MHz and a region of significantly lower critical frequency which extends from 1.0 to 1.25 MHz. -.-..-
The latter signature is identified as the minimum of the mid-latitude trough. The region,
characterized by extensive range spreading, is generally considered to represent the poleward or ,- -
(less frequently) the equatorial edge of the trough and is generally separated by one or two degrees
of latitude from the trough minimum (see Figure 3). Frequently, the poleward edge of the trough can
be detected at large ranges either at the onset or end of a trough sequence. The F-region signature
at these times is similiar to that modelled by Hoeg and Ungstrup (16) which they have termed an
oblique reflection trace.

An example which illustrates the capability of the radar to track the location of the trough is
shown in Figure 4. In this diagram, the center column contains fixed frequency data which show
(starting frnm the top) the north-south and east-west echo displacement, the echo range, echo
amplitude and radial doppler velocity, as a function of time. Note that no averaging has been done
and each point has been derived from an individual echo. The trough minimum was tracked until 0116
UT at which time the plasma density decreased below the probing frequency (2.1 MHz) and the trough
minimum echo was replaced by the poleward edge as the dominant echoing region. The two columns
of ionograms show the gradual decrease of critical frequency and hence plasma density near the
trough minimum and a corresponding increase of density within the poleward edge. At the time of
the transition between echoing regimes, the trough minimum was located about 100 km north (i.e.
equatorward) of Siple while the poleward edge was approximately 180 km south.

Angle-of-arrival measurements are also obtained for swept-frequency soundings and, for
this study, each individual ionogram was subjected to an analysis technique which computes the
echo location and corrects the data for angle-of-arrival aliasing. This technique, developed by the
BAS, is discussed in detail by Dudeney and Jarvis (17). The echo location was then converted into
invariant latitude for an altitude of 250 km using the IGRF magnetic field model for epoch 1980. Here, -.

the derived echo location is an average value obtained from a large number of echoes. Several
examples of the ionograms used in the analysis are shown in Figures 5 - 8. Each figure contains four
ionograms, one from Halley and three from Siple. The two ionograms on the top row have been
recorded at the same Universal Time (UT); Halley ionograms (on the left in each Figure) are -.-.

annotated in local meridian time while the Siple ionograms are in UT. The bottom row contains Siple
ionograms at times which correspond to the same magnetic local time (MLT) and the same solar
time (bottom right) as the Halley ionogram. In local solar time (LT), Siple and Halley are separated *-.".,

by 3 hours 50 minutes but in magnetic time coordinates, the separation is much less (approximately
1.5 hours). The small arrows at the bottom of each ionogram denote the start and end frequencies
of the sweep.

The Halley ionogram shown in Figure 5 illustrates an examole of the oblique reflection trace (16) %
frequently seen in both Halley and Siple data. Usually, as in this example, only part of the trace
appears. In this case, the flat trace between 3 and 8 MHz at a range exceeding 600 km was present for
more than two hours. The trough minimum echoes are often quite complex, exhibiting both spread and
multiple reflections (see Figure 6 at 0400 UT). At Siple echoes were recorded from 225 kHz on both
22-23 May and 4-5 July. These echoes are generally quite weak and therefore cannot be used to obtain . -.
angle-of-arrival information.

In Figure 9, the location of the trough minimum and poleward edge have been plotted in UT (top
panel), MLT (center panel) and LT (lower panel) over a 15 hour interval on 22-23 May 1982. These data
show that the trough minimum remained nearly constant in latitude throughout most of the night
near L=4. In contrast, the poleward edge moved approximately 7" equatorward (from 70"S to 63"S)
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over the same time period. At Halley the radar was operated in a mode which doubled the normal
sounding range to 1500 km and on this date the poleward edge was first observed at a range of about
1200 km. The Siple radar was operated using the normal sounding format. A weak magnetic
disturbance (=30nT displacement in the Siple H-component), which occurred between 01 and 04
UT on May 23 did not have any significant effect on the latitude of either the poleward edge or the
trough minimum as observed from either station. When the same data are plotted in MLT and LT,
the derived locations of the poleward edge from the two data sets are less coincident than they are
when organized in UT.

Measurements from 3-4 July and 14-15 August were analyzed in the same manner and a summary
diagram is presented in Figure 10. As shown in the bottom panel of Figure 10, the results obtained
from Siple for the location of the trough minimum and poleward edge are remarkably consistent for
each of the three days. The trough minimum was generally equatorward of Siple and confined in a
range between 59.4'S and 61.8S invariant latitude. Except in the early evening hours, the poleward
edge was approximately 2' south of Siple and varied between 62.6S and 64S latitude. The results
of the analysis using Halley data are somewhat less ordered as displayed in the top panel of Figure 10. , 4
Both the trough minimum and the poleward edge had a much larger dispersion in latitude, with the
minimum being observed over a range of 6.5'. The dispersion in the Halley data is largely due to the
trough location on 14-15 August being farther equatorward.

An average location for both the trough minimum and the poleward edge was derived for each of i Aw
* the three days of observations and plotted in UT, MLT and LT (Figure 11). When the data from both .

stations are plotted together in the local time frame (lower panel), there is reasonable agreement -
in invariant latitude after local midnight, but no correspondence before that time. In the UT frame ---
(top panel) there is a close correspondence in the shape of the curves with the locations derived from
Halley being generally lower in latitude. Finally, when the data are compared in a local magnetic .- ,
time frame (center panel), there is a closer agreement after 2200 MLT than before.

These data, which extend over 15 hours of MLT, show that the average separation between the ,
minimum and the poleward edge of the trough is approximately 275 km after 21 hours MLT. Before
that time, the separation is considerably larger, ranging from 500 to 750 km. Assuming that the
minimum is nearly equi-distant from both the poleward and equatorial edges of the trough, then the
width of the trough varies from 1500 km in the early evening to 550 km in the midnight and morning
sectors. The latter value is consistent with trough widths derived from satellite measurements.

4. DISCUSSION AND CONCLUSIONS

Modelling studies of the high-latitude ionosphere have shown that the mid-latitude trough is
formed as a result of several competing physical processes (18, 19, 20). Which of these various
processes plays a dominant role cannot be determined without having experimental observations
as a guide. Simultaneous observations at a large number of longitudes is obviously ideal but, of
course, not practical in either the Northern or Southern Hemispheres. Siple and Halley are located at -
high geographic latitude so that there are long periods without solar ionization during mid- '-

winter, and are situated in longitude such that the trough can exist overhead for many hours. Halley,
in particular, should see the trough longer than Siple since it is located nearly diametrically
opposite the invariant pole. By the same argument, the depth of the trough should be greater at
Halley.

The results obtained from Siple and Halley observations during three geomagnetically quiet .--.
* intervals during the austral winter of 1982 have been summarized in Figure 12. The dashed line_ .

represents the average latitude of the trough minimum and poleward edge observed from Halley; -

the three solid lines show the latitudinal variation of these features at the same UT (diamond), the
same LT (circle) and the same MLT (square) as measured from Siple. Presuming that the poleward
edge is, in fact, ionization associated with the auroral oval, then the observed equatorward motion"-
of the region is consistent with the rotation of the station with respect to the oval. A poleward
retreat in the morning sector is not expected (and not observed) since the auroral ionization will
corotate at approximately the same latitude, slowly decaying with time. Also included in this ,-,.
diagram are the locations of the poleward edge and trough minimum calculated from the empirical
formulas of Halcrow and Nisbet (21) and Spiro (22). These curves have been derived using Kp=1 in . "

the formulation. It is clear that neither empirical relationship exactly fits the observations, although
the Halcrow and Nesbit curve has a reasonable agreement before local midnight. The inclusion of a .

dependency on UT or longitude is clearly necessary if these formulae are to be used for predicting ',>_'.

trough location.
For quiet times, the results obtained here suggest that the poleward edge has a UT dependence,

although it is not clear that the same dependency holds for the trough minimum. A UT dependency of
the trough is a prediction of the modelling studies and a UT effect in F-region densities has been
found in a number of previous experimental studies (23, 24, 25, 26). In the Southern Hemisphere, an R
06 UT maximum in foF 2 was first reported by Knecht (24). Further analysis by Sato and Rourke (25)
showed statistically that the increase in fo[-2 occurred most frequently between 04 and 09 UT.
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Recently, incoherent scatter radar measurements at three widely separated longitudes in the No:t%, ,
Northern Hemisphere have shown a pronounced UT effect in F-region electron densities (26). In the . .. .. ,...
latter results, the largest density occurred in the 18-20 UT sector with a minimum occurring at 04
UT.

While longitudinal differences in electron density appeared in the data examined in this study, no
definite trend could be recognized. On each of the three days used in the analysis, times when either

* trough minimum or poleward edge densities were noticeably smaller at one of the two stations,
cu, . be found. This null result may arise from the relatively small longitudinal separation of the two
stations or the small data sample. In fact, trough data may not be suitable for studying longitudinal
effects because ray-tracing simulations (27,28,29) have shown that the local geometry of the
trough can affect the penetration frequency at the trough minimum.

Appendix A: Elevation angle filtering of digital ionograms in the presence of Spread-F .

In certain military applications of digital HF radars, it is required that the radar system be
capable of automatically providing an ionogram wnich can be utilized to determine the vertical .

distribution of electron density. Algorithms which derive the electron density profile using
ionograms have been the subject of considerable investigation (30, 31, 32, 33). These algorithms
have been developed to the point that, using a Fuitably fast processor, the electron density profile
can be derived from an ionogram in near realtime. However, one requirement of the true-height ,"--'

analysis technique is that a relatively "clean" ionogram be used as input. lonograms which
exhibit spread-F are not suitable for true-height analysis without some means of reducing the
range or frequency spread inherent in the ionogram. Digital data, in which the direction-of-
arrival, amplitude and doppler shift ato derived, can be subjected to variety of techniques in order to
reduce spread. A somewhat different approach to this problem for digitial ionograms acquired by the.,
Digisonde (34) has been discussed by Reinisch and Xueqin (35).

Digital data from the NOAA HF Radar were used in attempting to find a technique which could
automaticP"v be applied to all spread F data. The very simple technique of filtering in elevation
angle wa. lound to be quite effective in producing a relatively clean trace in the presence of
spread-F. Several examples of this technique are included here to illustrate its effectiveness.
The data used in these examples were obtained at auroral and sub-auroral locations in both the ..

Northern and Southern Hemispheres. .

The number distributions of echoes as a function of elevation angle shown in Figure A-1 were .

derived from ionograms acquired during quiet, spread and trough conditions. Each distribution has
been compiled from several ionograms and is representative of the various conditions. Under quiet
conditions, the distribution exhibited a maximum near 86" with a half-maximum width of ,.
approximately 5" (Figure A-i (a)). Under ionospheric conditions when the F-region exhibits spread,
echoes tend to occur at smaller elevation angles and the width of the half maximum increased. As ..- .,
shown in Figure A-1 (b), the distribution maximized near 82"and the half-maximum width was about
12°. Several occurrences of the mid-latitude ionospheric trough were examined using data from
both Siple Station and Halley. The very broad (25") distribution shown in Figure A-i(c) having a
maximum near an elevation angle of 79" is indicative of the ionospheric complexity which can %.I.-,
occur when the trough is present. , .

Figures A-2, A-3 and A-4 illustrate the effect of an elevation angle filter on data acquired "'
during severe spread-F. In each sequence, the first ionogram is unfiltered (i.e. all echoes with -

elevation angles greater than 30 °) and following ionograms show the results of applying filters
with increasing elevation angle discrimination. At 80" a relatively clean ionogram is obtained;
however, an even cleaner ionogram can be obtained if a polarization filter is applied to the data. In
the last of each set of examples, only echoes satisfying the criteria for ordinary or extra- :..
ordinary mode polarization have been passed by the filter.

Figures A-5 and A-6 illustrate two instances when the mid-latitude ionospheric trough was ..

* overhead of the observing station. These data are from two of the days used in the preceding trough
analysis. The data show that, in the presence of the trough, the overhead ionosphere will be
represented by the feature closest to the station. For example, in Figure A-5 from Halley Bay, the
poleward wall of the trough was closer to the station than the trough minimum and when an 80"
filter was applied, the trough minimum signature essentially disappeared. In the example taken
from the Siple Station data (Figure A-6), virtually the opposite situation was observed. That is to -

say, the trough minimum was closer to the transmitter than was 3leward edge and was the
dominant feature at large elevation angles.

In the presence of the trough, echoes returned from the trough mi ' and the poleward edge
of the trough will be the predominant features on an ionogram. Wt. ier of these features is in
closest proximity to the observing station will be selected as the mos erhead ionosphere by the .
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elevation angle filtering technique. In most cases, the chosen feature will not explicitly
represent the ionosphere overhead of the observing station. It should also be noted that the trough
minimum frequently has densities less than 1.24 x 104 cm-3 and will not be seen by ionosondes
which do not sweep below 1 MHz.
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FIGURE CAPTIONS

Figure 1. A map of Antarctica upon which invariant latitude and time coordinates have been
superposed. The location of the auroral oval at 1530 UT is also indicated. The stations referenced
on the map are: Siple (SI), Halley (HB), SANAE (SA), Syowa (SY), Palmer (PA), South Pole (SP),
McMurdo (MM) and Vostok (VO) [Figure courtesy of C.G. MacClennan].

Figure 2. An ionogram recorded at Siple Station on August 15, 1982 showing typical signatures
of the minimum and poleward edge of the mid-latitude trough. Echo polarization is denoted
by the slant of the symbol where a left slanting bar denotes the extra-ordinary mode, a right
slanting bar the ordinary mode and a vertical bar unknown polarization. The small arrows at
the bottom of an ionogram indicate the beginning and end of the frequency sweep.

Figure 3. A schematic representation of the main ionospheric trough as it frequently appears near
Halley, showing the principal echoing regions (after Dudeney et al. (36)]. :"i-"
Figure 4. lonograms and fixed frequency sounding data which show the transition at 2.1 MHz
of echo location from the trough minimum to the poleward edge of the trough. The center panel
is a time series of measurements of echo location, range, amplitude and doppler velocity
between 00 and 02 UT on August 15, 1982. The two vertical columns show ionograms recorded.'
over the same interval. The transition in echo location is illustrated in the top two time series
plots of north-south and east-west echo location shown in the center panel.

Figure 5. These data were recorded at Halley and Siple Stations on May 23, 1982. The Siple ..'.,
ionograms reproduced here show data at the same UT (top right) as the Halley ionogram,
the equivalent MLT (bottom left) and the corresponding LT (bottom right). On the Halley
ionograms, time is given in local meridian time while UT is used on the Siple data. "-
Figure6. Same as Figure 5 for 0400 UT on May 23,1982.
Figure 6. Same as Figure 5 for 0215 UT on July 4,1982.",

Figure 7. Same as Figure 5 for 0900 UT on July 4, 1982.

Figure 9. The locaticil as a function of time of the minimum and poleward edge of the trough
derived from ionograms recorded at Halley (open circles and + signs) and Siple (filled circles
and x symbols). The top panel displays the location in Universal Time, the center panel in MLT, ---

and the bottom panel in LT. These data show the trough location for an occurrence on 22-23
May 1982. 77,
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Figure 10. Same as Figure 9 for all three days used in the analysis. The top panel shows Halley
data plotted in LT coordinates while the bottom panel displays Siple data plotted as a function of UT.

Figure 11. Same as Figure 9 where all three days have been averaged to single curve. Halley
data are shown as dashed lines while solid curves are used to represent the Siple data. The
notations TM and PE denote trough minimum and poleward edge, respectively.

Figure 12. A summary diagram wherein all of the curves shown in Figure 12 have been
replotted. The average echo location for Halley (HB) is shown as a dashed curve while a solid line is
used to represent the Siple (SI) data. The Siple curves are displaced according to the time
coordinate in which they have been plotted. The basic unit of time is three hours and the time
of midnight in UT, LT and MLT is indicated using a diamond, a circle and a square. Using
empirical formulae given by Halcrow and Nesbit (21) and Spiro (22) for a Kp of 1, the
predicted locations of the poleward edge and trough minimum are also indicated on the diagram. *' '

Figure A-1 The number distribution of echoes as a function of elevation angle for three
different ionospheric conditions. Panel (a) was derived from ionograms obtained during
undisturbed ionospheric conditions, panel (b) from ionograms in which spread-F was present
and panel (c) during an occurrence of the mid-latitude trough.

Figure A-2 A series on ionograms which illustrate the effect of elevation angle filtering in
reducing spread-F. In panel (a) an unfiltered ionogram is presented; panels (b), (c) and (d) show the
results obtained by applying filters of 70', 75" and 80" respectively. In panel (e) an
additional polarization filter has been applied and only the purely 0 and X-modes have been
plotted. These data were recorded at Cleary, Alaska at 1635 UT on October 26, 1980.

Figure A-3 Same as Figure A-2 for data recorded at Cleary, Alaska at 0355 UT on October 26,
1980.

Figure A-4 Same as Figure A-2 for data recorded at Siple Station at 0606 UT on March 27, 1982. .

Figure A-5 Same as Figure A-2 for data recorded at Halley at 0100 UT on August 15, 1982. -

Figure A-6 Same as Figure A-2 for data recorded at Siple Station at 0400 UT on May 23, 1982. .
No polarization filtering is shown for these data.

.-.- -2.
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(a) QUIET CONDITIONS - ROSERVAL. 22 MARCH 1961, 1800 TO 1915 UT
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cDISCUSSION "

100- 100

N.C.Gerson, US
4 (Have you considered examining the trough simultaneously in the northern and southern hemispheres, i.e., from both

Siple and Ruberval?

Author's Reply -

"* When Siple station is reactivated (December I 985). a number of experimental campaigns will be conducted using both P.' .'
stations. These campaigns will study conjugate trough occurrences as well as other phenomena. Siple station will be %'-

% operated during 1986 and 1987; the future of the station beyond that date Uncertain.

• S.Quegan. UK
Siple & Halley are separated by - I hrs in MLT. Have you tried to correlate observations from these 2 stations with

* this delay taken into account'?

, Author's Reply
The correlation of parameters such as hmF2 and foF2 has not been carried out. The only detriment to doing such a

* correlation is the density of measurements, which probably is insufficient. In this study, the measurements were made at
10-15 minute intervals.
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THE VARIABILITY AND PREDICTABILITY OF THE MAIN F-REGION TROUGH ~%
DETERMINED USING DIGITAL IONOSPHERIC SOUNDER DATA

By
Alan S. Rodger and John R. Dudeney

British Antarctic Survey
Natural Environment Research Council

Madingley Road
Cambridge, CB3 OET

United Kingdom

ABSTRACT

The main F-region (or mid-latitude) electron density trough occurs near A - 60" and
is associated with significant meridional gradients in electron concentration. Despite .
many satellite studies of the trough, the causes of the variability of its shape as a
function of time, geomagnetic and solar activity is still poorly understood. This is
illustrated by the large discrepancies between the various empirical formulae that have
been developed to estimate the trough latitude for specified geomagnetic conditions.
These problems arise partly because satellite data cannot be used to differentiate -e.-
adequately between spatial and temporal variations. There have been very few detailed
ground-based studies of the trough. This is rather surprising considering that it can " 1'

have a major influence on radio propagation at all frequencies on trans-Atlantic and
trans-polar circuits. However, with the deployment of a sophisticated, digital,
ionospheric sounder with direction-finding capabilities at Halley, Antarctica (7b0S,
27*W; A - 61") in 1981, a new and powerful research tool for trough studies has become
available. The observations from this equipment have significantly improved our
understanding of several features of trough morphology and in particular the causes of
some of the variability. The four aspects of this variability that are discussed here
are the orientation of the poleward edge of the trough with respect to Halley; the
variation of the maximum plasma frequency of the poleward edge; the signature of the '-
Harang discontinuity in the poleward edge and the latitudinal movement of the poleward -
edge as a function of time and geomagnetic activity. A framework is described for
incorporating these aspects of trough morphology into a realistic model for predicting
the location and maximum plasma density of the poleward edge as a function of time and
the prevailing geomagnetic conditions. Such a model should be of significant benefit to
those involved with radio communications at high latitudes.

1. INTRODUCTION

The mid-latitude electron density trough or main F-region trough is a major feature
of the night-side ionosphere at sub-auroral latitudes. The trough can be considered to .
consist of three main regions: L.

- an equatorward edge where the processes of the plasma transport and recombination are
the same as those expected at magnetic mid-latitudes,
- a trough minimum where the plasma densities are anomalously low,
- a poleward edge where the maximum plasma density increases significantly, typically by
more than an order of magnitude compared with the trough minimum. These features combine
to create a large and dynamic structure, which can have very significant effects on radio
wave propagation over sub-auroral and trans-polar communications circuits. The mid-
latitude trough forms in a region where the co-rotation and convection electric fields
are approximately equal in magnitude but opposite in direction in the pre-midnight. - ..
sector. Modelling studies (1, 2, 3, 4, 5, 6) have shown that this combination of
electric fields can give rise to a large region in which plasma is effectively stagnating .'
in fixed sun-earth co-ordinates. If this region is not illuminated by the sun and if
there is no production by particle precipitation, then normal recombination processes
cause an electron density trough to be formed.

Several other processes that could also contribute to the trough's forrition have
been suggested. For example, the trough is a region where a large poleward-directed
electric field that leads to an increase in the plasma recombination rate is frequently
observed. This, in turn, could assist in the formation of the trough (7). Auroral zone
heating may cause air rich in molecular nitrogen to be transported to the trough region
where an increase in the normal F-region recombination rate would result. Also, the
outflow of plasma along magnetic field lines that thread the trough may cause a plasma
depletion (8), though it is now considered to be of minor importance for trough
formation. The relative importance of all these processes has not yet been fully .
established under a range of geomagnetic conditions and further modelling work would bedesirable,.:

The mid-latitude trough can be identified readily, both in satellite data and with
ground-based sensors such as incoherent scatter radars and ionosondes, and thus it has
been studied for over two decades. Much of the early work concentrated upon determining
the latitude of the trough as a function of time and geomagnetic activity as well as its

." location with respect to other ionospheric and magnetospheric features such as the
equatorward edge of the diffuse aurora and the plamsapause (See reviews 9, 10). As a
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Fig. 1. Iso-ionic contours for two occasions when the mid-latitude trough passed over
Halley, Antarctica. The component part. of the trough, the equatorward edge, trough
minimum and poleward edge of the trough are labelled. The numbers associated with the
contours indicate plasma frequency in MHz. Upper panel after Dudeney et al., (16) and
the lower panel from Rodger and Pinnock, (15).

result of these studies, two basic factors regarding trough phenology have been agreed:
that the trough moves to lower magnetic latitudes through the night under steady geo-
magnetic conditions and that, at any given time, the latitude at which the trough occurs
is lower the greater the level of geomagnetic activity. However, there are many factors
for which there is not a general concensus or that have been inadequately studied to
date. For example, there have been observations that variously suggest that the deepest
troughs are observed at dawn, at dusk or near midnight. Most studies of the trough have
considered the trough under steady geomagnetic conditions and assumed that the magneto-
spheric convection electric field was constant both in magnitude and direction;
observations show clearly that this is not the case (11, 12).

It is this variability of features of the trough and, in particular, of the poleward
edge that will be discussed in some detail in this paper, using observations from the 0I%Advanced Ionospheric Sounder (AIS) deployed at Halley, Antarctica (760S, 270W) (13). As
an illustration of this variability, two latitudinal cross-sections of the trough are

shown in Fig. 1, one for disturbed geomagnetic conditions and the other for a relatively
quiet night. The way that these sections were determined is described in detail by 77
Dudeney et al. (14) and by Rodger and Pinnock (15) from where they have been slightly - 777"
redrawn. The three component parts of the trough as described above are indicated for
the two examples and reveal that marked differences can occur. There are four aspects
of the variability of the poleward edge that will be discussed in some detail:
- the orientation of the poleward edge with respect to the observing station, Halley,
- the variation of the maximum plasma frequency of the poleward edge,
- the signature of the Harang discontinuity in the poleward edge,
- the latitudinal movement of the poleward edge as a function of time.

Where appropriate, reference to work using the AIS data that has already been
published is made (14, 16, 17). A realistic approach is adopted towards incorporating
this information into a predictive model for estimating the location and plasma density
of the poleward edge of the trough under a prescribed set of geophysical conditions. I

2. OBSERVATIONAL METHODS

The Advanced Ionospheric Sounder was deployed at Halley, Antarctica (A - 610) in
1981. The AIS consists of a powerful hf pulse transmitter, two sensitive receivers and
sufficient computing power both to control all the sounding parameters and to pre-process
the data. With its spaced receiving antenna array, it is possible to record the complete
vector description of each ionospheric echo (18, 19, 20). Thus, the range, azimuth and
elevation of echoing regions can be determined unambiguously (21, 22). . .
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Fig. 2. The location of the poleward edge of the trough for 15 June 1982 in geographic
co-ordinates as a function of local time.

The poleward edge of the trough forms a large latitudinal gradient in electron
density. If this is suitably orientated, it can be a good reflector of obliquely "
propagated radio waves from a ground-based sounder over a wide range of frequencies.
Thus, the trough can be observed at a considerable distance from an observing station (up
to 8 degrees) and its change of location with time can be determined. An example for the '.'-
15 June 1982 is shown in Fig. 2. The poleward edge is first located about 450 km to the
south-east of Halley at 1945 LT and over the course of the next three hours moves in a
north-westerly direction, passing overhead about 2230 LT. Each data point on Fig. 2 is
the mean echo location of many individual echoes normally taken over a small range of
frequency spread-F (23) on the poleward edge traces when the data are presented as iono-
grams, hence there is some scatter in the positioning of an echoing region, typically of
the order of ± 50 km. This direction-finding capability has been used extensively in -"
this paper. A more comprehensive description of the technique is given by Dudeney et
al., (14). A summary of the assumptions that are made and an assessment of their
possible effects is discussed by Rodger and Pinnock (24).

3. DATA ANALYSIS

The AIS data-set from Halley used for this paper consists of 37 nights observations
during the austral winters of 1982 and 1983. All nights on which the trough and the
poleward edge could be readily identified in July 1983 were used (21 nights). On the
remaining 11 nights of this month, geomagnetic field was either sufficiently disturbed to
cause loss of data through blackout (25), or activity was so low that the trough did not .' ,.
come within the observing range of the AIS. Added to these data were 16 nights taken
through June and July 1982 to provide as wide a range of geomagnetic conditions as
possible. Thus, the data sets presented in the next sections are representative of Kp
in the range 0 - 5.

For each night analysed various summary plots were made, from which it is relatively
easy to identify the trough minimum and the poleward edge. Examples of these summaries
are given in Fig. 3. Fig. 3a shows the variation in height of all ionospheric echoes
received when ionograms were made at 15 minute intervals through the night. From 1800 LT
the virtual height of the F-region rises steadily. This rate of rise is greater than .\.

that normally observed after sunset at magnetic mid-latitudes and is the typical .,,
signature of the trough minimum moving over Halley. The corresponding variation of
frequencies reflected from the F-region, defined as being above 250 km, (Fig. 3b)
indicates a reduction of the daytime ionisation through recombination between 1800 and
1830 LT, then a stable level until 2030 LT, when the poleward edge of the trough is first
observed. Its presence can be confirmed by studying the individual ionograms but, with
practice, this becomes unnecessary. Examples of the sequence of ionograms observed as a
trough passes over an observatory are given in references 14, 26, 27 and 28. For the
next four hours echoes from the trough minimum (those below 1.8 MHz) and those from the
poleward edge (echoes above 2.0 MHz) can both be seen. As the poleward edge approaches,
its plasma frequency is seen to increase steadily. For this night the poleward edge
moved equatorward till about 2230 LT at about 70 m/s. Once the poleward edge passed over
Halley, the AIS could no longer be used for studying its equatorward motion. The
latitudinal movements are consistent with the decrease in virtual height of the poleward
edge (Fig. 3a) followed by a relatively steady height from 2300 LT of about 380 km.
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The corresponding variations in the frequencies of echoes returned from the
E-region, defined as being below 200 km, for the same night are shown in Fig. 3c. For
about 90 minutes from 2000 LT, there is some precipitation into the E-region but the
fluxes must be relatively low as the maximum plasma frequency remains below 3 M1z under
the poleward edge. Direction-of-arrival information shows that the sporadic E at this
time is at considerable obliquity. Once the poleward edge is overhead there is a steady
drizzle of precipitation into the E-region but again the fluxes must be small as the
plasma frequency does not exceed 2 MHz until 0400 LT, when a small substorm occurred.
Also, the spectrum of precipitating particles must be relatively soft (< 20 keV) as there
is no significant variation in absorption till the substorm occurs. This event could be
regarded as typical for relatively quiet geomagnetic conditions, Kp - 2.

After identifying each of the features of the trough, the location of the poleward
edge was determined and a plot similar to Fig. 2 was produced for each night. From these
data the equatorward motion of the poleward edge as a function of time and magnetic
activity is clearly demonstrated. 4.

4. THE ORIENTATION OF THE POLEWARD EDGE .-.,. ...'.

Several empirical equations have been used to give the invariant latitude of some
features of the trough as a function of time and geomagnetic activity. Two of these (29, .. .. -S
30) include terms that are linear with time but the equation given by Spiro (31) has a
polynomial term for time and that due to Halcrow and Nisbet (32) a complex exponential.
All these empirical equations were derived using satellite data. In this section, the ,%
form of the time term will be discussed using ground-based data from the AIS. .4,

All the data points giving the location of the poleward edge for the 37 nights under
study were separated into two-hour local time windows, e.g. 1800-1959, 2000-2159, etc.
This was done irrespective of the day or the prevailing geomagnetic conditions. An
example of the scatter plot for 0000-0159 LT is shown in Fig. 4a. This again illustrates .,
the general tendency for the data to lie in a plane slightly skewed with respect to the
geographic meridian. The line of best fit through the data is also drawn on Fig. 4a. ,
Similar lines of best fit can be found for the other two-hour time bins and each of these
is shown in Fig. 4b. It is apparent that the mean angle at which the trough is observed . .
rotates slowly with time. This is not consistent with there being a linear term in the
empirical equation describing the variation of the location of the trough with time. The
perpendicular to these lines of best fit gives the orientation of the poleward edge with

- respect to the station. If these angles are mapped up into the equatorial plane, then
there is remarkably good agreement between them and the tear-drop model of the
plasmapause (33). Although the tear-drop model of the plasmapause may not represent the

-" magnetospheric electric field very well and more representative models now exist, such *2\'"'
good agreement between the poleward edge and this simple model could be a great practical ,
advantage for radio communications predictions. The present work provides the largest '
and most accurate data set available to date, though previous analyses have shown similar
results (14, 15, 17). *.
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Fig. 4. (a) The geographic location of the poleward edge of the trough with respect tI
to Halley for any of the 37 nights under study for which there were data in the period ' '
0000-0159 LT. together with the line of best fit. (b) Lines of best fit for all the two ,---
hour Iiue bins from 1800 to 0559 LT, produced in a similar manner to 4(a). "'-""
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5. THE MAXIMUM PLASMA FREQUENCY OF THE POLEWARD EDGE

For each of the 37 nights analysed the highest and median maximum plasma frequencies
of the poleward edge of the trough were found. These data are plotted in Fig. 5a and b
respectively. Each of the data sets shows that there is a pronounced positive
correlation between Kp and the plasma frequency of the poleward edge, though there is
some scatter in the data. The linear regression line (y upon x) is also drawn on each
figure; the gradient and intercept of these lines and the correlation coefficient are
given in Table 1. Both correlation coefficients are such that the results are
signficiant at the 992 level.

TABLE 1I'
Sample size Slope Intercept Correlation

(MHz/Kp) (MHz) Coefficient

Highest plasma frequency 37 0.695 3.991 0.567

Median plasma frequency 37 0.313 2.576 0.509

• ..

,'. /. . : "

1E E
" 4 ,I.- .*.. \..

• : .. " .. . -

4

(b.)

fE

Ii 2

1 2 3 4 5 6 7

Kp magnetic index

Fig. 5. The variation in (a) the highest and (b) the median maximum plasma density of
the poleward edge of the trough as a function of geomagnetic activity. The linear %
regression lines y upon x are shown also. %

The slope of the "maximum" line (for the maximum plasma density) is approximately
twice that for the "median", indicating that the former is much more strongly controlled
by geomagnetic activity. Since the data sets are from around mid-winter in the
Antarctic, there can be no local contribution due to solar photo-ionisation that forms
the poleward edge. There is no correlation between either the highest or the median
maximum plasma frequency and the time at which it occurred. .

6. THE MERIDIONAL MOVEMENT OF THE POLEWARD EDGE

With the direction-finding capability of the AIS, it is possible to determine the
equatorward motion of the trough as a function of time. This has been done for the
entire data set described in section 2 and is shown in Fig. 6. The data have been
separated according to the geomagnetic activity index, Kp. In all of the examples the
poleward edge of the trough is seen to move equatorward with time as would be expected , ,
from previous observations (see section 1) irrespective of the level of geomagnetic• "
activity. There are a few examples where the poleward edge then moves polewards but '
these are relatively rare (~ 5% of occasions). Spiro (31), using Atmospheric Explorer
satellite data, and Halcrow and Nisbet (32) using Alouette, found that the trough drifted
back to higher invariant latitudes after 0330 MLT sufficiently often to dominate the
statistics for relatively quiet geomagnetic conditions. Thus, this is a feature of their
empirical formulae. Our data are in disagreement with the satellite data over this

point.
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Fig. 6. The variation in the invariant latitude on the poleward edge of the trough as
a function of local time separately for each level of geomagnetic activity in the range
Kp - 0 - 5. The dot-dash line is the empirical formula for the trough location given by
Spiro (31) and plotted in local time. The broken line is Spiro's equation plotted in

* magnetic local time.

The time at which the poleward edge is observed is in general progressively earlier
as Kp increases, again consistent with previous observations. Also, the poleward edge on
average moves more rapidly equatorward during periods of increased geomagnetic activity

(15, 34). -

The most striking feature of these data is the variability, at any given level of " V"
geomagnetic activity, in the time that the poleward edge might be observed overhead at a
fixed latitude. As an illustration of this important point, the time at which the trough "" "

was observed at A - 660 when Kp - 1 ranged from about 2100-0500 LT; at the same latitude,
when Kp - 2, the spread was between 2000 and 0100 LT. The number of samples from other
levels of geomagnetic activity are not as high but clearly show considerable variability
also. .,.

There has been some discussion about whether the Spiro empirical equation giving
trough location should be expressed in local time, LT, or magnetic local time, MLT (14). % I,
At Halley, MLT - LT - 11/2 h. Spiro's equation has been drawn on Fig. 6 as a dot-dash

line for LT and as a broken line for MLT. These lines have been moved 1° poleward to
make an allowance for the fact that Spiro's equation referred to the trough minimum
whilst the data set here is determined using the poleward edge. An analysis of polar

,- .-,,'.,
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orbiting satellite data measuring electron concentration would suggest that the 10A is
reasonable (e.g. 35). It could be suggested that the equation in MLT might give slightly
better agreement for all levels of Kp, except at Kp - I when LT appears more appropriate
and at Kp - 0 when there is insufficient data to draw a firm conclusion. However, there '
is considerable scatter in the data.

A similar comparison was carried out using the Halcrow and Nisbet (32) equation
appropriate for the poleward edge. Overall the match to the data was not quite as good
as that for the Spiro equation in either timeframe. However, it should be noted that the
basis of the Halcrow and Nisbet result is a northern hemisphere data set.

It can be concluded that Kp is an inadequate index of geomagnetic activity for
estimating the latitude of the poleward edge of the trough. Further discussion of this
is given in section 8.

7. THE SIGNATURE OF THE HARANG DISCONTINUITY

The Harang discontinuity marks the separatrix of the two convection cells on the
night-side of the auroral oval. In principle, there may be a marked difference in the
poleward edge of the trough about this time as the plasma that forms it in the morning- N
and evening cells may have different origins and time histories. Also, the shape of the
iso-ionic contours of the poleward edge in the vicinity of the Harang discontinuity has
not been described in detail before. Therefore both these points are discussed in this
section. The method used to identify the Harang discontinuity was that described by
Rodger et al., (36) using the local magnetograms from Halley. The following conclusions
can be drawn from this analysis:-

1. There was no consistent variation in the maximum plasma freqtisMIN about the Harang -discont inuity. .. -,

2. The rate at which the poleward edge of the trough moves equatorward is the same for

the evening and morning cells in the vicinity of the Harang discontinuity.

3. On 9 occasions, there appeared to be a consistent signature in the virtual height of
the F-region, which occurred about the same time as the Harang discontinuity. The
virtual height was seen to fall steadily prior to the passage of the discontinuity
and then to rise significantly typically by - 50 km. The reduction was probably
associated with the equatorward motion of the poleward edge with time. The 0.
subsequent rise could not be explained as a horizontal movement and is a real
increase in the height of the F-layer. There appear to be no particular similarities
in the geophysical conditions under which the nine examples occurred. %

4. On three occasions the poleward edge was seen to the south-east immediately before
the passage of the Harang discontinuity then the echoing region moved rapidly
westwards to almost due south of Halley where it remained through the rest of the
period of observation. It is not clear whether this westward movement of the echoing
region is really a Harang discontinuity effect or just a slightly more irregular
motion of the echoing region to the south of Halley, which is observed through the
night anyway (see section 3). '

5. Also, on nine occasions, the passage of the Harang discontinuity was marked by a
rapid increase in the maximum plasma frequency of the E-region, indicating that
either the flux of precipitating particles had increased or their spectrum had
changed. The relationship of the poleward edge of the trough to sporadic E has been
discussed elsewhere (37, 38).

This preliminary analysis indicates that there are no outstanding and repetitive
features that would be first order terms in any practical model of the poleward edge. -

8. DISCUSSION

Four aspects of the poleward edge of the trough, which have an impact upon the
production of an empirical formula describing its location and maximum plasma density as
a function of time, have been investigated in some detail using data from the Advanced
Ionospheric Sounder at Halley. The study of the orientation of the poleward edge with
respect to Halley has indicated that a linear term for time in an empirical formula is *

inappropriate and that a non-linear term should be used. The form of the time term
should be very similar to that describing the location of the plasmapause in the simple
tear-drop model (33) that is quoted below from Rycroft (39).

91.5 91.5 " E sin D L(t)
T - u) "

In this equation, L(t) is the L-shell of the plasmapause at time t, (A- cos - .
L-

1
12), L (00) is the L-shell at midnight and 0 is the angle from the noon-midnight

line (15 equivalent to one hour).
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The form of this equation is simpler than the non-linear time term in the Ha1crow
and Nisbet or the Spiro empirical equations, but it suffers from the limitations that it
is based upon an idealistic description of the constant dawn-dusk convection electric
field E (in kV Re-1 ). However, despite this restriction, it appears that such aformulation may be of great value if incorporated into a predictive model for the
location of the poleward edge of the trough.

Significant longitude structure can occur in the poleward edge probably as the L,.'.1"
result of substorm activity. Exactly how such features of the trough (17, 40) could be
accounted for in any empirical formula giving the location of the trough is not clear,

but a term containing a description of auroral activity over the previous few hours

(e.g. the auroral electrojet index AE) would be a possibility.

Two equations describing the variations in the highest and median maximum plasma
frequencies of the poleward edge as a function of gemagnetic activity, as indicated by
the Kp index, have been determined, although Kp is rather a poor index for these studies
(see section 6). Fig. 5 shows that there is a significant geomagnetic control over these
maximum plasma frequencies and, in principle, these equations could be included in any .,%,
empirical formula for the poleward edge plasma densities, though repetition of this work

with a more suitable geomagnetic index would be worthwhile. Also, the data set used to .. ,. .,-.

formulate the equations was somewhat limited in that it was only representative of winter '-" .,*-"

conditions at very high geographic latitude. Further analyses should be done using
similar data from other sub-auroral stations, and the present study should be extended to
determine the seasonal and solar cycle variations of the maximum plasma frequency of the
poleward edge.

Studies of the poleward edge of the trough in the vicinty of the Harang disconti-
nuity show that there are no important effects that would need to be included in an "-.-
empirical model (section 7). The most important effect of the Harang discontinuity
appear in the E-region where the vertical distribution of ionisation changes

significantly about magnetic midnight (38).

The analysis of the equatorward motion of the poleward edge showed that the results
from Halley were in general agreement with the well-known facts about the trough (see
section 1). However, there is considerable variability of the time at which the poleward
edge is seen from one occasion to the next under similar geomagnetic conditions. Much of
this variability is attributable to the fact that the geomagnetic index, Kp, is a rather --

poor index for this type of analysis. The two principal factors that determine the
location of the poleward edge are the location of the equatorward edge of the particle
precipitation boundaries and the equatorward limit of the flux tubes that have convected
across the polar cap. The relative contribution of the two processes as a function of J-'. ""
magnetic time have been discussed by Rodger and Brace (17). Both of these processes are
very strongly influenced by the magnitude and direction of the Interplanetary Magnetic
Field (IMF). For example, the ratio of the sizes of the morning and evening convection -
cells is very dependent upon the magnitude and direction of the y-component of the IMF, ' -
By (11). The equatorward limit of precipitation is mainly controlled by the magnitude of
the z-component of the IMF, Bz (41, 42, 43). Therefore, it would be more realistic for
any model of the location of the poleward edge to contain terms involving Bz and By.
Also, Cowley (44) has pointed out that there should be detectable effects on the
convection pattern resulting from the influence of the x-component of the IMF, Bx, and

. therefore a term involving this component may also be necessary.

Recent evidence suggests that the twin cell convection pattern is maintained for
some hours after Bz has turned northward. It is not clear where the trough might form,
if indeed it forms at all under these circumstances. However, because the magnetosphere
is acting as an integrator of solar wind conditions, some account of these for a few
hours preceding the time of observation of the trough may be needed to model its location
empirically as a function of time.

Thus, the important factors involved in the location of the poleward edge of the
trough and its maximum plasma density which should be incorporated into empirical
modelling are:

1. A description of the present IMF (Bx, By, Bz)

2. A temporal variation similar to that of the tear-drop model of the plasmapause.

3. A term describing substorm activity over the past few hours (AE?)

4. A term incorporating the IMF variations over the previous few hours.

At present, the solar-terrestrial community is very poorly placed to have the IMF
data in near-real time since the ISEE-3 spacecraft was removed from its halo orbit.
However, work should be pursued along these lines so that those interested in radio '-'
communications at high latitudes are in a position to capitalize fully when suitable
spacecraft data become available again.

-'" .... ,
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9. CONCLUSIONS ,,a$ '

1 Data from the Advanced Ionospheric Sounder at Halley, Antarctica have been used to
make a detailed study of many features of the poleward edge of the trough. The well-
established features of the trough phenology are clearly visible in these digital
data, namely that the poleward edge moves to lower invariant latitudes through the
night under steady geomagnetic conditions and that the time at which it is seen at
Haey is progressively earlier as geomagnetic activity increases.

2. It is found that, on average, the orientation of the poleward edge of the trough with -?
respect to Halley changes steadily through the night in a manner consistent with the
tear-drop model of the plasmapause.

3. A very striking feature of the data analysed is the considerable variability in the
time at which the poleward edge is observed and in its maximum plasma density under
similar geomagnetic conditions. There has been some investigation of the causes of
this variability and the use of Kp has been found to be a major source of problems
in this work. Also, some of the variability can be attributed to changes in the
interplanetary magnetic field and further studies of IMF field effects on the
poleward edge are required. "

4. It has been further shown that there are no major changes in the properties of the
poleward edge in the vicinty of the Harang discontinuity. However, the rise of the

remains to be explainea.

5. There is strong geomagnetic control of the maximum plasma density of the poleward
edge of the trough. -'"

6. The present empirical formulae used to describe the location of the trough as a -_t.

function of time and geomagnetic activity (Kp) are rather poor. A list of the
important points that need to be considered for a more accurate means of predicting %where the poleward edge will occur, and what its maximum plasma density will be, hasbeen proposed.

.1
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DISCUSSION.'-...-".-

% %

~T.A.Croft, US

In past solar wind research, I perceived a tendency for study of the magnetic field and its correlation. bin a comparative
lack of similar interest in density of the wind. Yet, at times, the density may be so low that the "'Wind" is a near-vacuum
and this fact is not apparent in magnetic field measurements. % 41 "

Since onslaughts of dense solar wind plasma clearly affect Earth strongly, it must also be true that intervals when the % %
density is lower than average (7/cc) must be marked by ineffectiveness in modifying Earth's environment. As a result, I
would suggest a search for correlations with solar wind density in addition to the magnetic field investigations you haveoutlined.

Author's Reply
The most significant effects of the solar wind density on the observed plasma densities in the poleward edge of the .
trough are probably as a result of precipitation in the vicinity of the polar cusp. There is evidence that the magnitude of
this precipitation is dependent upon the solar wind density as well as the magnitude and direction of the jz component .,. '
of the interplanetary magnetic field. The plasma in the cusp will convect across the polar cap and eventually should be
observed in the poleward edge of the trough, although there will be some recombination of this high density plasma in
the 1-2 hours which it takes to transit from the cusp to the poleward edge. There has been evidence of high density
patches of ionization convecting across the polar cap provided by Weber et al 1984 (Journal of Geophysical Research).

A possible experiment to test the important of this cusp as a source of plasma for the poleward edge of the trough would
be it cross correlate the temporal variations of the maximum plasma density of the ionosphere observed in the cusp or
the polar cap with similar data from a station observing the poleward edge of the trough.

N.C.Gerson. US
From your observing site, the refractivity gradients of the trough display a longitudinal "tilt" whose magnitude and

direction vary throughout the 24 period under this condition. The apparent reflection point of each probing HF ray
may be located at a significant displacement from its true reflection point. To what extent would your results be changed
by correcting for this error?

Author's Reply
There has been no significant consideration of the magnitude of this potential source of error. Ray-tracing studies by
Villian et al, (Radio Science, 1984) through "realistic" distribution of electron density as determined by meridional
scans of the Chatanika incoherent scatter radar suggest that as long as propagation of the radio wave is not significantly
out of the plane of the magnetic meridian, then the lateral deviation of the radio wave is small. The direction of arrival
information used in this paper varies from being in the magnetic meridian to - 25* to the cast of it. Thus. I suggest that
the magnitude of the effect you describe is small, although I agree that it should be investigated quantitatively.
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Intentional modification (or heating) of the ionosphere by high-powered radio waves continues to be a subject involving

much experimental and theoretical interest. Ionospheric changes that result from such heating are on a wide range of spatial
and temporal scales. Such changes permit detailed investigation of the physical processes occurring through observations of :.
the amplitude, phase and spectral content of radio waves that traverse the heated volume.

Jones and Robinson, in a review paper, highlight the propagation disturbances which can be produced when the
ionosphere is modified by a high-power HF heating wave. Effects of modified ionospheric volume on systems whose
frequencies range from ULF to UHF are discussed. While certain heating phenomena may have detrimental effect on radio
systems, others may provide new operational channels not normally available in the natural ionosphere. r

Lee et al discuss three HF heater wave-induced phenomena: simultaneous excitation of ionspheric irregularities and
geomagnetic fluctuations: the enhanced plasma lines associated with electron acceleration by plasma turbulence; and, the
conditions for occurrence of artificial spread F. ,"-
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THE INFLUENCE OF IONOSPHERIC HEATING ON THE PROPAGATION OF RADIO WAVES

T B Jones and T Robinson

University of-Leicester, Leicester, UK

Abstract

The ionospheric plasma can be modified on a wide range of spatial and temporal scales by
the action of high power radio waves -,i eaters). As a result the amplitude, phase and %.
spectral content of radio waves which traverse the heated volume can be altered.markedly.
This paper reviews various heating effects which can affect radio systems whose
frequencies range from ULF to UHF. While certain heating phenomena may have a detrimental
effect on radio systems, others may provide new operational channels not normally available -*,
in the natural ionosphere.

1 INTRODUCTION

The ability of high power radio waves to 'modify' the ionosphere has been recognised since %
the discovery of the Luxembourg Effect in 1933 (Tellegen, 1933). In the early 1970's it "
was realised that modification (Heating) with very high power waves could produce a wide -..
range of plasma instabilities in addition to the collision frequency changes associated
with the Luxembourg Effect. High power Heating facilities were constructed at Boulder,
Arecibo, Tromso and in the Soviet Union to investigate these important and sometimes
unexpected plasma phenomena. , ..

In addition to the plasma physics interest of these experiments it was quickly demonstrated
that considerable changes were produced in the characteristics of other radio waves
propagating through the modified (heated) ionosphere. Thus the importance of heating in
influencing radio system performance was established. .

This paper discusses some of the effects produced by HF heating on radio wave propagation
in the frequency range ULF to UHF. ,,

2 HEATING FACILITIES

A typical heating installation consists of a transmitter capable of delivering about 2 MW
of RF power in range 2 to 10 MHz. The transmitter feeds a large antenna array which .K--
normally forms a beam directed vertically into the ionosphere. Provision is made for .
radiating either 0, X or linear polarization. The antenna gain will typically be about
20 db corresponding to an effective radiated power (ERP) of " 200 MW. The power density
F (VWm - 2 ) in the beam at a range R (km) is related to the ERP (MW) by -

F = 82.6 x ERP/R

Thus an ERP of 200 MW represents power fluxes of 150 VWm - 2 and 65 UWm - 2 at E (110 km) and .
F (250 km) region heights respectively. The heating transmitter can be modulated or can
radiate a CW signal. Details of known heating facilities are given in Table 1.

Many of the experimental results contained in this review have been obtained at the -' ."
heating facility located at Ramfjord, near Tromso, Northern Norway, since this has been
an active centre for heating research during the last few years. Two of the authors (P S
and H K), have been directly involved in the design and construction of this facility. , -.

3 ABSORPTION
The collisional absorption of the heater wave energy in the D-region produces a rapid

increase in electron temperature which causes a subsequent increase in the electron " "
collision frequency and hence the absorption co-efficient. These changes will influence
the propagation of waves passing through the region,particularly at frequencies in the
HF band and below. This type of heater induced D-region absorption effect is illustrated
in Figure l(a) for results obtained with a partial reflection radar during heating at
Tromso. The time constants for these processes are very short - 0.2 m sec (Gurevich, 1978),
thus when an amplitude modulation is applied to the heater wave, this can be transferred
by the absorption process to low power HF waves passing through the D-region to be
reflected in the higher levels of the ionosphere (Ginzburg and Gurevich, 1960). It is
this process that was observed in the early Luxembourg Effect experiments and which for
many years was thought to be the only consequence of ionospheric modification. However,
during heating experiments in the early 1970's, new phenomena came to light. For example,
during D-region cross modulation experiments in which two heater frequencies were
employed, Jones (1973) demonstrated that enhanced effects occurred when the heater
frequencies differed by the gyrofrequency (see Figure l(b)).

Other experiments also demonstrated that marked F-region disturbances occurred when very
high power waves were propagated through this region. Some of these distLrbances, unlike
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those in the D-tegion, were associated with interaction between EM and electrostatic
waves and the generation of plasma instabilities. As a consequence of this, field
aligned irregularities were produced ranging in scale size from a few met'res to a few
kilometres. Various mechanisms are thought to be responsible for the production of the
different irregularity scale sizes. A simplified schematic diagram illustrating the
processes by which small scale irregularities are produced is presented in Figure 2.
These irregularities can modify the propagation characteristics of waves traversing the
heated volume in many different ways. One of the most significant effects is the
production of anomalous (or wide band) absorption. For this attenuation, energy is
absorbed from HF waves propagating in the modified volume by the wave conversion mechanism,
a completely different process to the normal deviative absorption. For quiet background
ionosphere conditions, the anomalous absorption is independent of heater power provided
a threshold of ', 5 MW is exceeded. Figure 3 illustrates the effect of Anomalous
Absorption on the 3.78 MHz signal transmitted from a site some 50 km north of the heater
and received some 50 km to the south of the heater (operating on 3.515 MHz). This
slightly oblique path ensures that the diagnostic wave is not influenced by D-region
effects and that it only interacts with the heated ionosphere at F-region heights (Jones
et al, 1982). The measured absorption is about 15 db which is consistent with recent
theoretical predictions (Jones et al, 1984).

The Anomalous Absorption process can impose a modulation from the heater wave on to the
low power diagnostic propagating through the heated volume (Jones et al, 1983). Figure 4
illustrates how a 2 Hz modulation applied to the heater wave has been transferred to the
diagnostic signal during '0' mode heating. It should be noted that both upper and lower
side bands are present in the received signal and are of approximately equal amplitudes. S 4

Most absorption experiments have been conducted at vertical or steep incidence. However,
oblique incidence studies have been conducted in the Soviet Union (Bochkarev et al, 1982).
Absorption effects are noted on an oblique diagnostic signal propagating along a path
nearly the same as that of the heated signal as indicated in Figure 5.

The amplitude of a radio wave is greatly influenced during its propagation through the
modified D and F regions. The physical process giving rise to the attenuation are
different in the two layers but both produce and decrease in signal amplitude.

4 FADING;SCINTILLATION AND SPREAD F ....

The larger scale (u 1 km) irregularities created in the F-region during the heating
process can also influence the propagation of radio waves. In the case of HF diagnostic
waves reflected from the heated volume,an increase in the fading rate occurs. This is
due to the enhanced 'roughness' of the reflecting surface due to the presence of the
striations. Multiple reflections can take place allowing a cone of rays to propagate
between the transmitter and receiver compared with the normal specularly reflected path.
Interference between the waves contained in the cone produces the observed fading. The
heater induced fading rate is found to depend on the state of the ambient ionosphere since
in disturbed conditions it becomes difficult to separate the induced fading from the
naturally occurring background. Examples of the heater induced fading are presented in
Figure 6 (Wright, 1973).

The presence of naturally occurring kilometre scale irregularities produces scintillation
effects on radio waves of frequencies high enough to penetrate the ionosphere. These
effects have been noted on frequencies up to n 10 GHz and are generally accounted for in
terms of the ionosphere acting as a phase diffracting screen placed between transmitter
(satellite) and the receiver (ground). If the heater enhances the kilometre scale
irregularities it modifies the phase diffracting screen so as to increase the scintillation
rates (Rufenach, 1973; Basu et al, 1980). Examples of enhanced scintillation rates
observed after heater turn on are reproduced in Figure 7. These induced fluctuations in -*

phase and amplitude are likely to affect satellite communication systems especially when
low signal to noise ratios are encountered.

The presence of the induced kilometre scale irregularities can sometimes be detected as
a 'spread F' signature on vertical incidence ionograms recorded close to the heater. The
induced spread F was a common feature of the Boulder heating experiments and an example
recorded on the ionosonde located at Erie close to the heater at Plattville is reproduced
in Figure 8 (Utlaut and Violette, 1974). A feature of the heating experiments at Tromso
has been the absence of induced spread F. This feature has not been observed on ionosondes
close to the heating facility at Ramfjord although a careful search has been made. There
is some evidence however of the multiple reflections from HF Doppler recordings which
indicate the presence of many Doppler shifted components following heater turn on as
indicated in Figure 9. The failure to observe the strong spread F features so common at
Boulder has been ascribed to the difference in dip angle between the two locations. At
Tromso the Dip angle is 780 and so the vertical ionosonde views the field aligned
situations 'end on', thus presenting a relatively small reflecting area which would account \

for the absence of the spread signal on the ionograms. Recent VHF scintillation measure-
ment at Tromso (Frey et al, 1984) have now confirmed the occurrence of heater induced
irregularities with scale sizes > 1 km. ..

5 SCATTERING

The heater generated striations of the plasma which cause anomaous absorption are in
general field aligned and have a regular spacial structure. A wide variety of scale sizes
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can occur ranging from a few metres to tens of kilometres. A radio wave can thus be
scattered from the heated volume provided the Bragg criteria, that the scatterers have a
spacing equal to half the radio wave length, is satisfied. For maximum scatter intensity

* the incident ray must be orthogonal to the magnetic field direction. (The attenuation
increases by some 6 db per degree away from orthogonality.) Scattering from heater
induced striations has been reported for a wide range of frequencies ranging from 3 mH?
to 0.5 GHz (Minkoff et al, 1974; Fialer, 1974).

A typical example of HF backscatter is presented in Figure 10 (Hedberg et al, 1983). The
HF radar was located at Lycksele some 600 km south of the heater at Tromso. Backscatter

4 ~returns were obtained at 14 MHz during '0' mode heating but were not present during 'X' ..

* mode heating. This confirms that plasma wave induced striations are responsible for the
backscatter since these are only formed during '0' mode heating. E-region scattering at
VHF frequencies has also been observed from the Tromso heater. Typical examples of this
effect observed with the STARE system are presented in Figure 11. This indicates that
even at VHF frequencies the heater volume can provide a scattering centre embedded in the
ambient ionosphere. The large dip angle (780) eliminates the possibility of field aligned
VHF and UHF backscatter from the F-region at Tromso. However, F-region field aligned
scatter at 435 MHz (Figure 12) has been obtained at Boulder where the dip angle is 680.

Many of the scattering experiments have been concerned with direct backscatter with
collocated transmitter and receiver. In most practical applications oblique forward
scatter is of more interest than direct backscatter. Several modelling studies have been
undertaken of the areas that could be illuminated by forward scatter from a heated volumeP -o,
of known location. The results of one such study are reproduced in Figure 13. This
illustrates the modelled scattering reception loci in the Mediterranean region. The

%communications and heating transmitters were respectively located in Spain and Italy for*'
this study (Stathacopoulos and Barry, 1974). Experimental studies of the region
illuminated by the scattering process were conducted at Boulder and an example of the
results obtained is reproduced in Figure 14. In these experiments TV transmitters
operating at - 61.2 MHz were employed as the signal sources and the signals were detected

* over a wide area as indicated in the Figure (Frank, 1974).
J6

There are many possible applications in communications and surveillance for forward scatter
systems utilizing the heater induced scattering volume. It is beyond the scope of this 1. *

review to discuss these in detail but it is likely that their performance will to some
-~ extent depend on the heater location since the nagnetic dip angle determines the

orientation of the scattering irregularities. Since maximum backacatter intensities are
obtained along directions which are orthogonal to the irregularities then geometrical
considerations will determine the extent and location of the region on the ground or at

* satellite heights, in which scattered signals can be received.

6 REFRACTION AND REFLECTION EFFECTS

In addition to the small and medium scale plasma irregularities created during heating,
large bulk changes are also produced. These changes occur mainly due to the increase in
electron temperature. Below 200 km photochemical effects dominate and the temperature
dependence of the recombination rate leads to an enhancement of electron density. Above ~

* 300 km transport processes dominated and heater enhanced electron diffusion produces
density depletions (Figure 15).

These large scale disturbances change the refractive index of the ionosphere and the %J
position of the isoionic contours. Thus both the refraction and reflection of waves are
influenced by the heated volume.

The reflection height changes have been investigated by measuring the phase of an HF wave
*reflected from the heated volume. A characteristic phase advance is noted at heater turn

on and a corresponding phase retardation after the heater is switched off. Figure 16 *-

illustrates the phase changes measured on a 3.78 MHz signal propagated at steep incidence
through the heated volume at Tromso. The time constant of the phase change is about 50
seconds compared with a few tenths of a second for that of the plasma striations. These
large scale changes will influence the reflection heights and ray paths of signals
propagating through the disturbed volume.

%.*-A study of the changes induced on a diagnostic signal propagated at oblique incidence along
similar path to a high power heating wave has been undertaken by Bochkarev et al, 1982. '

In addition to amplitude changes, both the azimuthal and elevation angles of arrival were
4 1 changed by the heating processes, as illustrated in Figure 17. It should be noted that the

diagnostic and heater frequencies were separated by only a few 100 KHz. Nevertheless, well
defined heating effects were produced on the obliquely propagated signals from an obliquely
propagated heating wave.

The creation of a region of enhanced electron density will produce enhanced refraction and
will act as a diverging lens. Conversely a depletion in electron density will increase
the refractive index and a converging lens will result. *

This latter process is important for the self-focussing instability (Perkins and Valeo, .

1974), which leads to locally enhanced heater power densities and electron temperatures.

The ability to form regions in which rays will converge or diverge has important practical7777
applications. For example, it might be beneficial to concentrate (focus) rays at a
particular point in or above the ionosphere. Figure 18 illustrates a theoretical model
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describing the development of a self-focussing duct in the isoioflic contours by the action
of a powerful radio wave (Bernhardt and Duncan, 1982). Alternatively, it might be an
advantage to increase the divergence of the rays, so that they may enter the P-region duct
and so propagate to great disturbances with little attenuation.

Height and conductivity changes are also produced in the D-region and these can influence
the terrestrial propagation of low and very low frequency waves. Complex amplitude
changes recorded on low frequency signals reflected in the vicinity of the Boulder heater
are reproduced in Figure 19. Similar results have been obtained at Tromso (Barr et al,
1984). It should be noted that disturbances are produced only when the modified region
forms a significant part of the propagation path. The propagation of VLF waves to great
distances is therefore unlikely to be affected since the modified ionosphere will comprise
only a small section of the path. If the heater is located close to the transmitter or
receiver, modification effects might be produced on long distance paths but no detailed

s tudy of these has yet been 
undertaken.

7 RADIO EMISSIONS DUE TO HEATINGA;

(a) LOW FREQUENCY WAVES

It has already been noted that below 200 km the temperature dependence of chemical
recombination rates result in electron density (Ne) modification due to heating. In
the D-region, electron collision frequencies (V) can also be strongly modified, Changes k.
in the ionospheric conductivity which result from these processes are given by .

A0 A + La ANe

The conductivity a will then be modulated and will affect the electrojet currentse
f lowing through the heated regions. This time varying current will radiate at the
frequency of the modulation applied to the heating wave. Stubbe et al (1982) have
shown that radiation can occur over a wide range of frequencies from ULF to VLF. .. f ,

Examples of heater induced emissions produced at Tromso for a range of modulation
* frequencies are reproduced in Figure 20. The radiation field strength falls rapidly -

* ~above 7 ICHz but below this frequency the signal strength remains strong,with peaks at .~.*'

2, 4 and 6 KHz caused by multiple reflections between the ground and the ionosphere.. .*

The induced VLF emissions can propagate to great distances with little attenuation in
the spherical wave guide formed by the earth as one wall and the ionosphere as the
other. Signals propagating in this mode have been detected at distances of up to

* 1,200 km from the heater (Barr et al, 1984). A VLF source located in the ionosphere
will also radiate energy into the upper ionosphere and magnetosphere. In the magneto-
sphere these waves will propagate in ducted modes following the geomagnetic field
lines. They will reach distances from the earth in the equatorial plane of severaler
earth radii before returning to the ground at the conjugate point in the opposite
hemisphere from where they were launched. The possibility therefore exists at these
frequencies for communication with satellites and with sites in the conjugate
hemisphere.

The generation of ULF and ELF (1-100 Hz) waves has also been demonstrated at Tromso.
The radiation efficiency is similar to that measured in the VLF band but the emissions
are now found to be linearly polarized. Waves of these frequencies have a large
penetration depth in the earth's surface and they could have applications for sub-
surface communications.

At still lower frequencies, in the ULF range, the radiation efficiency increases
markedly and is some three orders of magnitude greater than in the VLF band (see Figure
20). The signal strength is found to increase with decreasing frequency as indicated .- *

in Figure 20. These frequencies are below those normally used for practical ~ ...

applications but their high radiation efficiencies may enable them to be employed for
some specialized applications.

(b) HIGH FREQUENCY WAVES

Radio wave emissions have also been detected from the heated volume in the HF band.
* These emissions occupy a frequency band some ± 100 KHz around the heating frequency

(Thide et al, 1982, Stubbe et al, 1984(a)). The spectrum of these secondary
electromagnetic waves is highly structured and several maxima are present as indicated
in Figure 21. The predominant peak appears approximately 10 KHz below the heating
frequency.

When heating is performed on two frequencies simultaneously,not only are the features*.'<.
described above generated around each of the heater frequencies, but a new signal is
produced at a frequency corresponding to the arithmetic mean of the two heater
frequencies.

No applications have yet been proposed for these emission processes but they are
important in our understanding of the instabilities (produced by the heater) which
generate then.
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It is well known that strong electromagnetic emissions at optical wave lengths are excited
during heating (Weinstock, 1974). However, it has also been speculated that electro-
magnetic emissions in the microwave band may also be excited. The mechanism by which this
might occur involves the excitation of Rydberg atoms which can exist in the rarified
conditions in the upper atmosphere (Ustinov et al, 1979). .*C,

8 SELF MODIFICATION

This review has been mainly concerned with the effects produced by the heating wave on .
signals propagating through the modified volume. It is of interest to examine the
influence of the ionospheric modifications on the heater wave itself, particularly since
some modification effects are produced at relatively low powers. Kopka et al (1982) have .0-Il-,
examined the signal strengths of the heater signal reflected from the ionosphere and
received some 50 km south of the heater location at Ramfjord. The variation in received
signal strength as the heater power is increased from a low value to 260 MW and then
decreased, is reproduced in Figure 22. At first the received signal strength increases
with radiated heater power but at about k full power, self-absorption becomes apparent and
the reflected power increases less rapidly than the transmitted power. Above about h full ,.

power, the received signal decreases as the transmitted signal increases. A constant signal .
level is then reached which is independent of the radiated power. e.e

As the radiated power is decreased from its maximum value the received signal level remains
constant and remains so until the radiated power has fallen to about k of full power. A
further decrease in radiated power produces a decrease in the received signal power. ,-.-.

It is evident that self-absorption occurs at fairly low radiated power but at about k full
power a second instability threshhold is exceeded which gives rise to an absorption . .
mechanism which limits any further increase in reflected power. Once this "super self
absorption" mechanism is operative it can remain so until the heating power is eventually
reduced to about k max value, at which point the instability threshhold is no longer
exceeded.

Also apparent from Figure 22 is the absorption asymmetry between the increasing and . ..-
decreasing parts of the power cycle. This 'Hysteresis' effect (Jones et al, 1983) is a .
consequence of the non-linear nature of the power threshholds for the plasma instability
which causes field aligned irregularities. . %

Recent observations with improved time resolution also indicate that the heater wave
suffers very strong (0 20 db) self-induced anomalous absorption within the first second
after switch on (see Figure 23). This effect occurs even at relatively low powers
(, ERP = 10 MW). At somewhat higher powers (a 40 MW), self-induced fading enhancements
also occur (Figure 23).

These results have very important consequences in evaluating the propagation character-
istics of very high power waves. .'

9 CONCLUSIONS

This review highlights the propagation disturbances which can be produced when the .. *.

ionosphere is modified by a high power HF heating wave. Some of these effects can .- '0.

directly influence the performance of radio communications, navigation and surveillance . "
systems. Others are at present only of academic interest but they may well form the basis ....-
of new types of radio systems.

No attempt has been made to include a comprehensive treatment of the plasma physics of the

heating processes since these have been dealt with in detail elsewhere.
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Table 1 Heating facility parameters

Location Frequency (MHz) ERP (MW)

Arecibo 3 - 11 256 '.*-.

Ptattevilte S " 10 200

Moscow 4 - S 80

Gorky 5 - 6 10

4-6 16

5 -10 400

Murmansk 3. 3 10

Tromsh 2.8-8 0 36 0



DEC 10, 1981, 10 12 -10 27 UT
HEATER 404 MHz, X-MOOE, ERP=260MW

0... . . . ...
*257km 59km
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61 km 63 km
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Figure l(a) fl-region absorption of partial reflection radar at TromsO (Stubbe et al, 1982)- k
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Figure l(b) Cross-modulation depth on a 2.5 MHz diagnostic as a function of frequency
difference between two heaters, 5.4, 5.4 + Af M~lz (Jones, 1973).
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* Figure 3 Anomalous absorption of 3.78 MHz diac'nostic propagated over a steep incidence .d

path for various heater powers, at Tromso (Jones et al, 1982)
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Figure 4 Spectrum of 5.7 Mz diagnostic signal exhibiting cross-modulation sidebands
during modulated (2 Hz) heating at Tromso (Jones et al, 1983)
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Figure 5 Anomalous absorption over an oblique path (Bochkarov et al, 1982)
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Figure 6 Heater induced fading measured at 7.7 MHz vertical incident. Heating at *

5.95 MHz (Wright, 1973)
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Figure 8 lonograms exhibiting heater induced spread F (Utlaut and Violette, 1974)
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Figure 9 Spread Doppler record during heating at Tromso (Stubbe et al, 1982)
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Figure 10 Growth and decay of HF backscatter echo during heating at Troms0-600 km path
(Hedberg et al, 1983)
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Figure 11 Heater induced VHF (145 MHz) backscatter from the E-region - STARE data.
Left panels: Backscatter intensity vs. time in relative units for the Finnish
(F) and Norwegian (N) STARE radar. The heater-on times are indicated by
hatched areas. 0 and X refer to the heating mode. The heater operated at
3.324 MHz with ERP = 130 MW (8 May 1983, upper two figures) and at 4.04 MHz
with ERP = 200 Mw (7 May 1983, lower two figures). Right panels: Histograms
for the direction (clockwise from south) and magnitude of electron drift
velocity relating to all analysed type I (upper two figures) and type II data
(lower two figures) (Stubbe et al, 1984)
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Figure 12 UHF field aligned backscatter (elevation scan) at 435 MHz from Boulder
(Minkoff et al, 1974)
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* Figure 16 Heater induced phase changes in a 3.78 diagnostic signal reflected from the -4.

lower F-region, TromsO 100 km path (Jones et al, 1982)
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Figure 17 Heater induced changes in angles of arrival (azimuth and elevation) on an
oblique propagation path (Bochkarov et al, 1982)
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Figure 18 Theoretical model of the development of a self-focussing duct in isoionic
contours by the action of a powerful radio wave (Bernhardt and Duncan, 1984)
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Figure 22 Amplitude of reflected heater signal as a function of transmitted power , .,

(increasing and decreasing) from Kopka et al, 1982 .
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S -.

.J- ',



.- 'S. -
5.1-18

DISCUSSION

E.J.Fremouw, US is
Your explanation of the absence of heating induced Spread F at Tromso suggests that natural Spread F should show an
off-magnetic-zenith dependence opposite to that of scintillation. I don't know of any evidence of such a dependence,
although it might be difficult to observe because of inadequate angular resolution. Could you elaborate on your
explanation and any evidence to support it?

Author's Reply
The AFGL group measured the occurrence of spread F with their flying ionosonde during the Boulder heating
experiments. They observed spread F when at great distances from the heater but this disappeared when they reached a
position corresponding to the field line direction through the heated volume. Their results and explanation are similar
to that presented in my review, i.e. that the reflection cross section of the field aligned irregularities is smallest when
viewed along this field line direction.

E.V.Thrane, NO ,
Self modulation has been recognized as a problem for high power broadcasting transmitters. Nearly all the heating
effects you mentioned will produce self modulation. Have you thought about how these different effects will distort a
signal with a typical bandwidth of a broadcasting transmitter? Z

Author's Reply
Yes, effects can certainly be produced by broadcast transmitters; however, since the signals are propagated at oblique
incidence the power densities in the ionosphere are appreciably smaller than those achieved for vertical incidence
heating. The heating induced effects observed for oblique heating (broadcasting) are therefore smaller than those
measured at vertical incidence.

J.S.Belrose, CA p aie mtc h
I have several comments and questions: (I) concerning your steep incidence HF propagation experiments across the,..
Tromso heater, have you drawn the path geometry to scale, or traced raypaths with respect tothe heated volume? I am '
surprised that you can measure F-region attenuation effects uncontaminated by absorption effects due to the heated D-
region below your reflection height in the F-region. (2) In regard to the recent observations that you showed showing
signal strength of the heater-reflected wave vs time after onset of heater transmission, and your remarks that OTH ,'
radars may not realize the strong reflected-wave expected for the power transmitted; I caution you, do not be so sure,
unless you have done the calculations. The oblique OTH radar signal is reflected far from the height where the wave .,,

frequency and plasma frequency are equal. (3) In experiments conducted at Ottawa we employed a 2.66 MHz heater,
having an estimated ERP of 80 MW. A 0.8 MW transmitter and a 40 dipole antenna array covering 12 acres of ground '€,

were employed. The transmitter was our partial reflection transmitter modified for long pulse - about 10 MS. Hence
we could not examine convectional heating effects. We looked for the plasma line instability, which we believed would
have a short time constant. We made observations at night, when the 2.66 MHz waves were reflected from the F-region.
The 470 MHz probe (a I kw CW transmitter employing 32 14 dBi yagis) was located at the foot of the field line that
passed through the heated region. We looked for backscatter at receive frequencies 47) MHz ± heater frequency. We
observed nothing. While the sensitivity of our probe was a far cry from that of the Arecibo radar, Jules Fejer had
estimated (I am recalling from memory) that the backscatter for our geometry would be 50 dB stronger than at Arecibo,
where the probe transmission path is perpendicular to the field line. Now my question: Have plasma line instabilities
been studied employing the Tromso heater?

Author's Reply
(I) We have indeed undertaken ray tracing for the path which indicates that we are well clear of the modified D-region.
We have also carried out heating on frequencies much lower than our diagnostic signals i.e. the heating height is well
below our sampling height in the F-region. We find a complete absence of heating effects in this case. If we were
sensitive to D-region heating we should have seen it in this case. (2) 1 agree with your comment in that the power
densities achieved for oblique heating will be much smaller than those achieved at vertical incidence with the same .

transmitter. You are also correct in that maximum effects are produced when the heater wave frequency is equal to the
local plasma freqency. On the other hand the Soviet work clearly shows that modification effects are observed for
oblique incidence heating; their diagnostic signal was however propagated along an almost identical path to the heater.
(3) Tor Haagfors and Harry Kohl have indeed observed plasma line emissions with EISCAT (930 MHz) during heating
at Tromso. The unusual feature of these emissions is that they observed a marked increase (at least an order of
magnitude) in the ion level cross section during heating. The increase is also short lived and lasts for I sec after heater
turn on.

G.Sales, US
Rome Air Development Center has attempted an oblique heating experiment in the US using transmitters in Rome,
NY. A 200 KW transmitter and rhombic antenna were used to disturb the ionosphere some 1400 km away towards the
southwest. At the midpoint, a vertical ionosonde was located to detect changes in the overhead ionosphere. After
approximately 10 days of phase and amplitude measurements, the data was analyzed to detect the 10 minute heatingapproxmatel
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cycle, The results were negative and theoretical analysis indicated we were some 6 to 8 dB below what would be
required. A future experiment using 4-200 KW transmitters in Alaska is planned.

Author's Reply "4
We will look forward to having the results of this interesting experiment. I
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ABSTRACT

Among the many fascinating HF heater wave-induced phenomena, we single out for discussion the simultaneous excitation
of ionospheric density irregularities and earth's magnetic field fluctuations, the electron acceleration by Langmuir turbulence,
and the conditions for the occurrence of artificial spread F. The earth's magnetic field perturbations observed at Tromso 1.
are possibly produced by the thermal filamentation instability of radio waves that can also excite large scale ionospheric
irregularities simultaneously. The diffusion effect of Langmuir wave fields on the background electron distribution is evaluated
as the process of generating energetic electrons (> 10 ev) deduced in the measurements of enhanced plasma lines at Arecibo
and detected in the in-situ particle measurements at Tromso. Artificial spread F echos are found to be caused by HF wave-
induced ionospheric irregularities whose polarization vectors lie within the meridian plane. The phenomenon of artificial
spread F can be satisfactorily interpreted to result from the difference in the reflection heights of the returned rays in the
presence of these irregularities with scale lengths greater than 100 meters.

1. INTRODUCTION

The ionosphere can be significantly perturbed by HF heater waves, such as the perturbations in plasma density, in plasma A,
temperature, and in the earth's magnetic field (see, e.g., Carlson and Duncan, 1977; Gurevich, 1978; Fejer, 1979; Stubbe et
al., 1982; Lee and Kuo, 1983 a). The modification of ionospheric density and temperature were predicted before the planning
of ionospheric HF heating experiments at Boulder, Colorado in late sixties (Farley, 1963). But the earth's magnetic field P,
perturbations caused by HF heaters were not appreciated until quite recently in experiments performed at Tromso, Norway . %
with the EISCAT heating facilities. Active research has been conducted both experimentally and theoretically in the USA ,
the Europe, the USSR etc. to study the nonlinear plasma physics in wave-particle interactions and to explore the potential
applications in, for instance, telecommunications, with this relatively new technique.

Among many fascinating HF heater wave-induced phenomena, we single out for discussion the simultaneous excitation
of ionospheric irregularities and geomagnetic fluctuations, the enhanced plasma lines associated with electron acceleration by
plasma turbulence, and the peculiar occurrence frequencies of artificial spread F (ASF) at different locations. The studies of
heater wave-induced ionospheric irregularities have attracted much attention not only for the academic interest but also for
the possible establishment of artificial VHF-VHF communication paths in the presence of these plasma density striations

.. Various mechanisms have been suggested as the causes that generally involve plasma instabilities being excited from thermal
or nonthermal levels of ionospheric density fluctuations. For instance, Langmuir waves excited parametrically by the decay
instability have been considered by Perkins (1974), Lee and Fejer (1978), and Kuo et al. (1983) as the source of producing
ionospheric irregularities. It is also possible for HF heater waves to excite directly ionospheric irregularities together with

*." electrostatic sidebands (e.g., Gureuich, 1978 and references therein; Das and Fejer, 1979; Lee and Kuo, 1983b). Explosive X
instabilities that require pre-existing ionospheric irregularities were discussed by, e.g., Vaskov and Gurevich (1977) and %
Inhester et al. (1982). In Section 2 we review the thermal filamentation instability of radio waves that can simultaneously
perturb ionospheric density and earth's magnetic field. This instability was proposed by Kuo and Lee (1983) as the mechanism

* of HF heater wave-produced geomagnetic field perturbation in Tromso experiments (Stubbe and Kopka, 1981; Stubbe et al.,
1982). In fact, this instability can be excited in the ionosphere by heater waves with a broad frequency range as low as in
the MF band (Lee and Kuo, 1984 a) and as high as in the SIIF band (Lee and Kuo, 1984 b).

Plasma line enhancement first detected in ionospheric heating experiments at Arecibo, Puerto Rico have been considered
to be the indirect evidence of the excitation of parametric decay instability by the ordinary HP heater waves near their
reflection heights (Carlson et al , 1972) A broad distribution of enhanced plasma lines in height indicates the generation of
energetic electron fluxes with energies exceeding 10 electron volts (Carlson et al , 1982), whose existence was confirmed by the %
in-situ particle measurements performed recently by the Scandinavian group with a rocket (Grandel et al., 1983). The electron
acceleration that produces suprathermal electrons of the order of a few electron volts for airglow enhancement was suggested
as either a trapping process (e.g., Fejer and Graham, 1974) or a diffusion process (e.g., Weinstock, 1974; Nicholson, 1977)
in the saturation spectrum of Langmuir waves created by the parametric decay instability. We also investigate in Section
3 the diffusion effect of Langmuir wave fields on the background electron distribution Both the quasi-linear and nonlinear
processes of wave-particle interactions are analyzed in a velocity diffusion equation Our analysis shows that quasi-linear
diffusion may be effective enough to produce energetic electron flux ( •10ev) reported by ('arlson Pt al (1982) However, the
very energetic electron flux (,25ev) measured by Grandel et al (1983) can only be generated by the diffusion process through
nonlinear Landau damping of Langmuir wave pairs propagation in opposite directions

- 5*.
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The problem finally discussed in Section 4 is the detection of HF heater wave-induced ionospheric irregularities by
ionosondes (Kuo and Lee, 1984; Kuo et a~l., 1985). This work was intended for understanding the 'puzzlement that the

artificial spread F's (ASF) were constantly seen in the Boulder experiments (Utlaut, 1973), but they were a rare phenomenon
at Arecibo (Showen and Kim, 1978), and they have never been observed in the Tromso experiments (Stubbe et al., 1982).
The ASF is generally believed to be caused by large-scale, field-aligned ionospheric irregularities whose excitation by HF
heaters was evidenced by the radio star scintillations at Tromso (Frey et al., 1984) and by the scanning radar incoherent
backscatter process at Arecibo (Duncan and Behnke, 1978). These facts indicate the limitation of ionosondes as a tool to
diagnose ionospheric irregularities. We show that the reflection heights of radio rays vary drastically and, consequently, yield
strong spread F echoes in ionograms in the presence of irregularities whose wave vectors lie in the magnetic meridian planes.
By contrast, the reflection heights are not affected by those whose wave vectors are perpendicular to the meridian planes. A ]
brief summary of the three afore-mentioned phenomena is finally presented in Section 5 together with a conclusion.

2. SIMULTANEOUS PERTURBATIONS IN IONOSPHERIC DENSITY AND GEOMAGNETIC FIELD

The thermal filamentation instability of HF heater waves can produce in the ionosphere an electromagnetic sideband and
zero frequency modes with wave vectors perpendicular to the propagation direction of heater waves. Magnetic field-aligned
nonoscillatory modes associated with magnetostatic and ionospheric density fluctuations are formed along the heater wave -

paths. This instability arises from a nonlinear thermal effect whose physics is elucidated in Figure 1. i, . "-

- %

0 Z

';Y% ,A. % °% . .

Figure 1. The physical process of a nonlinear thermal effect that causes the
excitation of nonoscillatory modes associated with magnetostatic
and ionospheric density fluctuations along the HF heater wave
path.

Under the incident and sideband fields, electrons but not ions experience a thermal pressure force i = (Ox)(N,,,T,1]
across the earth's magnetic field (B. - .,, where T7., N,, and B,, are the electron temperature perturbation, the unperturbed
plasma density, and the background earth's magnetic field intensity, respectively. This nonlinear force denoted by a dotted
arrow in Figure 1 can be built up only in the electron gas, because high frequency wave fields cause efficient electron heating
rather than ion heating. Electron density fluctuations (bN), that are induced consequently by this non-oscillatory force,
gives rise to a self-consistent field (E = iLE) associated with the excitation of the purely growing modes (i.e., ionospheric .

irregularities and geomagnetic fluctuations). While the net force acting on electrons is (fr - eN&p ), that on singly-charged
ions is eN,,f. These wave-induced forces combined with the orthogonal earth's magnetic field result in cross-field drift
motions of electrons and ions at the velocities of (bE - fjr/eN,,) x A,/B and (6-0 x 1,,/B), respectively. The relative motion
between electrons and ions causes a net current, - Tis B,,/B,, flowing along the y axis. This wave-induced current (and vector .
potential, tA) varies sinusoidally along the x axis. Therefore, it can be visualized as a combination of many sheet-like currents
on the y-2 plane with a thickness of half the scale length, flowing in opposite directions alternately. Or, equivalently, pairs of %

dipole current form within the HF wave-heated ionospheric region. The geomagnetic fluctuations (61), that result from the 0.
radio wave-induced current, point to the same direction as the earth's magnetic field's (AI) because of V x LA = 6B = VB. %N

The positive feedback loop of the thermal filamentation instability is outlined in Figure 2. In brief, electron temperature
perturbation (iT, ) caused by radio wave heating produces across-field thermal pressure force (fT) as the key nonlinearity of the
instability. This nonlinear force induces geomagnetic fluctuations (,'A) and ionospheric irregularities (6N) that, subsequently,
cause non-uniform electron heating and, then, perturb the electron temperature in turn. One can expect from the above.-
delineated physical picture that sN a 6B because both of them are induced in proportion by Jr. Such a relation has been,
indeed, found in the detailed formulation of our theory with the following form: a. -

... "

w, N [ have thi ct tN., Al Al (I

where the parameters, P. (.jl~l, Af,, , , (, A i(.l),and NI,}have their conventional meanings of effective electron (ion) [........
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collision frequency, electron (ion) gyrofrequency, electron plasma frequency, the speed of light in vacuum, the growth rate

of the instability, the perpendicular (parallel) scale length of the instability and the background ionospheric density (earth's

magnetic field strength), respectively. The parallel scale length is infinite for ideal field-aligned modes. In reality, a finite

parallel scale length is introduced by inhomogeneity effects associated with either the background ionospheric density or

the finite cross-section of the radio wave beam. The inhomogeneity effects can be reasonably ignored in the experimental

conditions for HF ionospheric heating experiments at Tromso, Norway. This is because the instability becomes effective in

the ionosphere for modes with scale lengths less than the scale sizes of the background ionospheric density gradients and the

linear dimensions of radio wave beam cross-sections by, at least, two orders of magnitude. Nevertheless, the inhomogeneity

effect imposed by the narrow microwave beam cannot be neglected in the case of Solar Power Satellite.

0* SOURCE

COIIUCTION c-WIGO
LOSS a I

T o p

8J(SA)%

Figure 2. The positive feedback loop of the thermal filamentation instability - ,...

It should be pointed out that the radio wave-produced geomagnetic fluctuations do not occur in the "MHD equilibrium"
condition. This fact can be seen from Equation (1), that requires 6B/B,, - 0 when - = 0 corresponding to the "MHD
equilibrium" ionospheric condition either before the onset or after the saturation of the thermal filamentation instability.
During the linear stage of the instability (i.e; the growth rate, -y, is a non-zero constant), significant geomagnetic fluctuations ." ,
can be generated together with ionospheric irregularities by powerful radio waves via the thermal filamentation instability. " -.
It is seen from Equation (1) that the fractional density perturbation, 6N/N, is proportional linearly to the fractional
geomagnetic perturbation, 6B/B,,, with a ratio greater than unity. If this ratio is close to unity, SB/B,, comparable to 6N/N-;
can be excited. Otherwise, the geomagnetic field perturbation is negligibly small in comparison with the ionospheric density eN-

perturbation.

Fur highly field-aligned modes, Equation (I) is reduced to the following form

where the growth rate (-y) increases generally with scale length (A . It is then clear from Equation (2) that smalle ratios
of PN/N,, to 6B/B, are associated with larer scale modes. In other words, significant geomagnetic field fluctuations are
excited primarily through large scale thermal filamentation instability. In HF ionospheric heating experiments, large scales
are generally referred to a few hundreds and larger.

For the excitation of "large-scale, highly field-aligned" modes, the threshold heater wave fields are found to be inversely
proportional to the scale lengths of the instability, i.e. fP, c, Al', indicating the favorable generation of large-scale modes.
The threshold field is, however, independent of the electron collision frequency (v,.). The reason is that both the generation "* "?'"

rate and the damping rate of the thermal source for the instability are proportional to i,,.. More specifically, electron collisions
with ions or neutrals convert the radio wave energy into the thermal source of the instability; meanwhile, the induced electron
temperature perturbations are also determined by the collisional loss of heater wave-generated heat. It should be stressed
that electron collisions do not weaken the purely growing modes associated with the magnetostatic and ionospheric density
fluctuations, because electrons and ions move together in the wave-vector direction of these nonoscillatory modes.

By contrast, the growth rates of the instability are found to he generally proportional to v. This is because large cross-
field mobility of charged particles is conducive to the establishment of collective oscillations, namely, the field-aligned purely
growing fluid modes. The cross-field mobility relies on electron collisions that, therefore, enhance the instability. Because
of -Y o( v_ the relationship between 6N and SB given in Equation (2) turns out not to be a function of iv,. The electron-ion
(or-neutral) collisions play the following roles in the excitation of the thermal filamentation instability: (1) to convert the
radio wave energy into the driving heat source of the instability, (2) to reduce the electron temperature perturbations induced
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by the heat source; this is also the principal process of energy loss in determining the threshold level of large-sale, highly
field-aligned instability, and (3) to facilitate cross-field mobility of charged particles for establishing the collective oscillations .,-
(i.e., the field-aligned purely growing modes) and, as a consequence, the growth rate of the instability is generally proportional . ,
linearly to the electron collision frequency.

Earth's magnetic field fluctuations of the order of 10 nT had been excited at Tromso, Norway by HF heaters operated
in either 0 (ordinary)-mode or X (extraordinary)-mode (P. Stubbe, personal Communication, 1983), though only results
in connection with X mode heating were published in the literature (Stubbe and Kopka, 1981; Stubbe et al., 1982). Our
analysis shows that these geomagnetic fluctuations can be produced by either X-mode (Kuo and Lee, 1983) or O-mode (Lee , -
and Kuo, 1983a) heater waves within a few minutes under the experimental conditions at Tromso. This predicted growth
time is consistent with the observations that geomagnetic perturbations increased regularly with the operation time of HF -%. ,

°  .
heaters in the range from 10 to 360 seconds (Stubbe et al., 1982). The generation of large scale ionospheric irregularities by 4-
HF heaters has been investigated by, for example, Fejer (1973), Cragin and Fejer (1974), Perkins and Valeo (1974), Goldman
(1974), Cragin et al. (1977), Perkins and Goldman (1981) etc. via various plasma instabilities. The distinctive feature of our
theory of thermal filamentation instability as compared with others is that this instability can generate not only large scale -
ionospheric irregularities but also geomagnetic field fluctuations at the same time. The detection of hundreds meter-scale
irregularities by UHF-scintillation technique was recently performed by Frey et al.(1984) in Tromso heating experiments. Frey
et al. examined three candidate mechanisms including Perkins and Valeo (1974), Cragi, et al. (1977), and ours (Kuo and
Lee, 1983). They reported that the thresholds of our thermal filamentation instability were consistent with their measured ' "
ones; whereas, those of the other two instabilities were higher by, at least, a factor of 100.

Another interpretation of magnetic fluctuations is that they are caused by perturbations in the auroral electrojet flowing
in the ionosphere caused by perturbations in the ionosphere conductivity (Fejer and Krenzien, 1982 and references therein).
One would expect from this mechanism that increased magnetic field fluctuations are associated with more intense electrojet
current for future experimental verification. The source(s) of magnetic fluctuations can be unambiguously identified by in-situ
measurements performed by rockets or spacecraft in the modified ionosphere. While the auroral electrojet as a line source is - "
located at an altitude of about 100 kilometers above the earth's crest, the radio wave-induced DC current appears in a higher *" .'" -

and broader heated ionospheric region below the reflection height of the incident heater wave. A unique feature of thermal .
filamentation instability is that the simultaneously excited magnetic and density fluctuations have identical characteristic
scale lengths and growth rates. Moreover, the strengths of those two types of flucutations are interrelated specifically by -i , -,
Equation (I) or (2). The in-situ measurements would provide an excellent diagnosis of the heated ionosphere to test the
theories in these aspects.

3. ELECTRON ACCELERATION BY LANGMUIR WAVE TURBULENCE "..

In the following analysis, Langmuir waves excited parametrically in the ionosphere by HF ordinary (0-mode) heater
waves are considered to be the source of generating energetic electrons (>10ev), whose existence was first deduced from the
measurements of enhanced plasma lines (Carlson and Ducan, 1977; Carlson et al., 1982) and confirmed later in the in-situ
particle measurements (Grandal et al., 1983). The diffusion effect of the Langmuir wave field on the electron distribution
is investigated in the derivation of a velocity distribution equation for electron plasmas that are embedded in a uniform
magnetic field in the presence of a broad spectrum of Langmuir waves. .-'.,.. ,

Our analysis begins with the collisionless kinetic equation

fa a e 9 -i] a f(6,,t -0 (3)

where f(i,F,t) is the electron distribution function as a function of velocity (6), position (r), and time (t); the earth's magnetic . .
field (I ,) is taken to be the z axis of a rectangular coordinate system;

-2 ZFk kexpit(k F- wkt)i + C-..

is the total electric field of the excited Langmuir waves, where w, and k are the Langmuir wave frequency and wave vector,
respectively. The distribution function, f, can be generally expressed as the sum of four parts (Dupree, 1966):

f< f > + f'+ 4f-< f +. +f + f,,, (4) 1.," ".

where <f is the average distribution function; f1, 1 is the phase coherent response to the electric field, 9,tr; f corresponds
to the phase incoherent portion due to the nonlinear wave-wave interaction; f,,, represents all other effects that are neglected a "
here; the fluctuating portion of the distribution function, f, f +, can be Fourier-expanded as 'V f explt(k f - wFtl].

Along the unperturbed trajectory defined by ::'.
- d t; - B,X

-rt. a de dt M(

the equations for the average part (< I i) and the fluctuating part (/t) of the distribution function can be obtained as
follows after substituting (4) into (3).

dt f -a (
m.a..

fk expillk F .,t)l epmk w t].. J% N p
f ,";f k 't;,' ft/,* '",'

• .¢. (g ;'1 ,hk , . 1 ' ,r, 7 ', ," ',-

k') f (k' k, f;
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where fi' *-k,) and 1 *.,1ok**'1 represent the phasors of the fluctuating distribution function (electric potential) bearing
space-time variations of the expit (i k') i (4 - wkJ)t, land the exp{i(k- k') F- (wk +w ,')t) types, respectively. On the RHS
of (7), while the first and the second terms in the braces stem from the phase coherent responses to the electric field (9(Ft)),
the third term is contributed from the nonlinear wave-wave interactions. Since in the diffusion process under consideration,
only wave-particle interaction is relevant, the wave-wave interaction term will be dropped in the following analysis of electron
acceleration Integrating (7) along the unperturbed trajectory defined by (5) and substituting the resultant form of fk into
(6), we can readily obtain the diffusion equation in a rather comtplicated form, This equation can be much simplified by the
following approximations which can be reasonably made in the ionospheric heating experiments. The theoretical work (e.g.,
Fejer and Kuo, 1973; Perkins et a] , 1974) shows that the saturation spectrum of Langmuir waves is excited by the parametric
decay instability in a narrow cone with an azimuthal symmetry with respect to the earth's magnetic field. It is thus reasonable
to assume that f > is also azimuthally symmetric in the velocity space around the geomagnetic field. Further, the Langmuir
wave spectrum is noted to peak along the magnetic field. We may expect the background electron distribution to have the
modification primarily in the direction of earth's magnetic field. In the present study, only electron acceleration along the
magnetic field is considered to be significant for simplicity. We, therefore. assume that the transverse component of the
distribution function maintains Maxwellian and, consequently, f > -h(v)g(t.,t), where h(vn (P,/2wT )exp(- nv /2T,). i,

With these assumptions in hand, the diffussion equation after the integration of < f > over V, leads to a modified

Forkker-Planck equation for Si(v,,n), namely,

9P Dv 
0  A) 9 - jV (D A,) g(8)

The diffusion coefficient (D), the friction coefficient (A), and the two coefficients (DI and A,) associated with the higher
order terms are defined, respectively, by

D -DL ." , L A-ALA LASL
, - D, .+'D, A, - .- A"

where

-, ) 27 d h l ,)k2I, k2A,(o)6( k. v. - ff) (9)
AL M T k,

D ML(I q)fl_,

ANL I.k : k) 1

Ai. k. ( I . .(

(kl k',f),(l) Z 
(  ' ( - - 

q) I12 ,-I:V'

and where

* -&k- L -, .~.-(.) JI( J, - ( ? )J J ;i(.T)].},,.Itk, v.l w c.(

2 lwkv-v. 1) U w-k~v ,-(f- _+ IjJW

In (9), . k-T 'mfl. and A,,(o) - ,,(a) exp)-a), where I, is the modified Bessel function of order n. The modified Fokker-
Planck equation. (8). contains all the information about the quasi-linear and the lowest-order nonlinear diffusion processes of
Langmuir waves on electrons in a magnetized plasma. The quasi-linear and the nonlinear diffusion processes are evidenced
by the delta function in (9) and by the two delta functions in (10), respectively. It is shown in (10) that the coefficients . ...
with the subscript" (i.e., DL, A'-, D., and As,) and with the subscript "-" (i.e., DN

, 
A 

, D- ,and At-) represent
the nonlinear interaction processes between electrons and the beat products, exp t(l ± w')tl of the two Langmuir waves,

expl- it) and exp( ,'t). For the evaluation of the coefficients given in (9) and (10), the idealized model used in Nicholson
(1977) for the Langmuir wave spectrum is adopted here:

wher steanleetwenk -, /k)PnT, for both ti0- 6 -ftt)14, i
z  : (1 II)k ,and r o,, , 6 r 1€

0 for fi,, , 0- , r 0'.' ' .'' .

where * is the angle between the Langmuir wave vector (A) and the earth's magnetic field (Ii,,): k,,, corresponds to the " "
Langmuir waves with peak intensities, f,, defined by cos '(P 12) is the maximum f of the Langmuir waves, where P is the
squared ratio of the local electromagnetic pump field to the threshold field for the parametric decay instability The other . .
parameters in (13). N,.T, . v.,., have their conventional meanings as the local electron density, the electron temperature
measured in unit of electron volts, the electron-ion collision frequency, and the incident electromagnetic pump wave frequency.

., respectively

For achieving the electron acceleration from the bulk region to the tail region, the diffusion coefficients must retnain
non-vanishing values through a wide range in the velocity space. The conditions can be derived from the delta functions in
(9), (10). and (13) that can be rewritten as follows"

(k k.,,) , k tz et) - Ik,,,v,i (k k,,,lfro, , , ) 114a

& i(k kJw (k - k,)v - (t - q) )(l
k I .J, '6({k -k_.)bicoP6- (COS #2 4 co0'11 (14h) -.- '°
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6(k - k,,,.j-w + w - (kc. + k)V. ( + -9- ')l 14r)

= k~sv.1'6Icoe 0 - (COO 03 + COO 8')] 1c

where %~

Cos 6  k./c,,, Cos0' = k,/k,,., Cos 0, = (w,,, - fn)/k- .,
C02= -( - q)w/k..., and coS 63 = 12w,- i + q)f0lj/,. (15) , .

The dispersion relation of Langmuir waves can be well represented by w - w' wl , = w,,(I + 3kl/2k0) showing propagation in

a weakly magnetized plasma at small angles with respect to the earth's magnetic field, where k,,,, k,j, and w. are respectively, :
the wave number of Langmuir waves with peak intensity, the Debye wave number, and the local electron plasma frequency. "

Since 0,, is the maximum propagation angle of Langmuir waves, we deduce that NA

C o s 6 1 0 , > < _ I o S 0 , I C O 0 ' + C o 0 2 1 , I C o 0 3 - C o S ' i _< I 1 ): . .

from the delta functions on the RHS's of (14a), (14b), and (14c). With the aid of (15), the inequalities in (16) yield the

following three ranges of v.

(1) ....- fll ,o <_ I/1 < I = knj/k,,,cos6,, (17a)
(2)-(A) 012k, < i. < it- q1l2k,. cos o and

-(B) Iv.1 > i - qjfl/k,.(1 - cos o) (17b)-!

(3)-(A) 12,, - (t + q)fl:/2k,,, < v. < 12w,. - (I + q)l1!2k, Cos 6,, and

-(B) Iv.I ? 12W,,, - it + q) 1/k,,,(1 - Cos 0,,) (17c)

that assure the non-zeros of (1) D' and AL, (2) D A
N

-) D, and A,_ and (3) DL, A" D and A,, respectively.

The two sub-ranges, (2)-(A) and (2)-(B), overlap as cos6,, < 1/3, namely, P > 9 because 6, is defined by coS' (p- 1
2
) where I."

P is the squared ratio of the local electromagnetic pump field to the threshold field for the parametric decay instability. -

The other two sub-ranges, (3)-(A) and (3)-(B), also overlap as cos&,, < 1/3. While (2)-(A) and (3)-(B) are determined for

Langmuir wave pairs propagating in opposite directions along the geomagnetic field, (2)-(B) and (3)-(A) are found for those

propagating in the same direction along the geomagnetic field. Substituting (13) and (14a) into (9) and integrating it over

* k yield

14DL 412 ( e)
2 

3.4(v,./w(.)P'n,,T I~cs6A(,M_~~~~~ :.:- -: _P 9T..:. '_
x IH(Iv l- ,. - filk,,,) - H(l 1 iw. - 11/k cos0,,)1 (18)

where a,,, (k,,T/M0
2

) sin 2 
6, and H (z) is the Heaviside step function. The sufficient condition for thecontinuousacceleration

of electrons requires that the ranges of u. be overlapped for either large negative I < (w ,,,/l) - ( cos 0,,)- or large positive 5-

t > (w,,,/fl) + (t - coso,,)-' as found from (17a). In other words, overlap of quasi-linear diffusion regions can occur in a wide

range of v, with the aid of cyclotron harmonic shift.

However, it is noted from (18) that A1LDL -(mlT.)iljln!/(w,.. + lnf1)!v, for a large value of k .v. (i.e., a large positive

or negative t). If only the quasi-linear diffusion effect is considered, namely, if we only retain the terms associated with DLo

and A
' in (8):

atg. D AL-

the steady state solution of (19) obtained by taking (010t)g = 0 has the Maxwellian form of

g(,, t - oo) a exp {-(m/2T,16f1/(w.... + I613)1u,}

in each cyclotron shifted region. The effective temperature of this modified distribution function is

P", -+ AD)T~ /1021 %- .*<,.Y*~

that approximately equals the unperturbed electron temperature, T, for a large 611 (i.e., a large kv 5 ). This result shows
that the quasi-linear diffusion itself cannot produce very energetic electron fluxes (with v, > wl/k,,, - 20 ev) because it is -'

impeded by the friction force. This force, represented by AL, is related to a finite Larmor radius (FLR) effect resulting from
the coupling of electron parallel motion with transverse motion in the presence of Langmuir wave fields.

We next examine for other possible electron acceleration mechanisms the nonlinear wave-particle interaction terms
+A , , D), At,), that correspond to the cases of Langmuir

neglected in (19), namely, (D , A .. , D, AA-) and (D
N L  

NL,
wave pairs propagating along the same and the opposite directions, respectively. Since ANIDL - (m/T,i)v, - A, /DI in . -.

the large parallel velocity (v.1 region, the diffusion of electrons is also impeded by frictions and no energetic electron flux , .-

can be produced by the process of nonlinear wave-particle interactions when the two Langmuir wave propagate in the same
direction along the geomagnetic field. By contrast, it is found from (10) that in the region t. , 2,, (1 .... .,k,,,.

D L (2 , )3 (-) 1 / 4 . ... , . - -2.

and 
' - 'A , L A, - 0 (negligibly small) ( o)_

The frictions are not able to prevent electrons from being accelerated in this case when electrons interact with the beat

product (at the frequency sum) of two Langmuir waves that propagate in the opposite directions.
'" °% o
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We note that the diffusion coefficients in this case have the largest values in comparison with those in the other two -
cases Hence, in the calculation of the steady state distribution function (i.e., g(v,, t - ov)) for v. > 2w/(I - cos 0elk,,,, only., .
the coefficients given in (20) need to be retained in (8). The result is

-v,, - coo) -9(v,)Il- F(v, v. i)/F(v,2. v, 1)! (21)

where F(x, v, (I15)(x - v. (5/4)vI(x - v, + (10/3)v.1(x : 1)1 - . (x -. v-,J2 + 5v (z - .',) for v, < v, I < v, < v, 2  [ - .I

where v. = 2,,,/k,,,(I - cos0,,). Since (21) holds for any v -2 > v: and 9(v. 2) . 0 as v. 2 co, it is thus concluded that
9(v.) g- g(v, 1  g(v,) for v. > v,, predicting the formation of a flat electron distribution (i.e., a plateau) in the tail region.
This prediction agrees qualitatively with the observatins reported in Carlson et al. (1982). "

The level of the plateau depends upon the value of g(v,. It is seen in (17c) that regions (3)-(A) and (3)-(B) become to
overlap when P > 9 and that region (3)-(A) coincides with the quasi-linear diffusion region defined by (17a) for the case of 2'
t = q =0. In fact, the plateau starts to be formed by the quasi-linear diffusion process in the suprathermal region defined
by (17a) for o - 0. This suprathermal plateau can be further extended to the very energetic region defined by (3)-(B) in
(17c) through the nonlinear diffusion process of electrons that interact with the frequency sum beats of Langmuir wave pairs ,.-'
propagating in opposite directions along the geomagnetic field. Therefore, g(v, ) has the value of the distribution function
in the suprathermal plateau, that is, g(v,) g(5uih) - n,, exp(-12.5)/(2s) 'l 2

vl, where vti,(= (T/M) 
/2
) is the thermal electron

velocity. The energetic electron flux between the velocity interval, (v.1, v,2), is then given by

Under the typical ionospheric F condition: no = 4.5 x Wocm 3 , V, - 1.3 x 10' cm/sec, the calculated * from (22) is 4.35 x
10Scm 2sec for v., = 1.3 x log cm/sec and v,2 = 1.8 x 10 cm/sec corresponding to electron energies of 10 ev and 20 ev,
respectively.

This theoretical energetic electron flux is greater than the experimentally deduced result, (2- 4) 10
7cm -2sec-'(Carlson

et al., 1982), by one order of magnitude. The discrepancy is considered to be reasonable because the calculation of (22) is
based upon the assumption that the layer of Langmuir waves is thick enough to allow the formation of electron distribution
plateau. We expect that the theoretical value in this ideal case should be greater than the experimental measurements. In- .
conclusion, our analysis shows that the quasi-linear diffusion may be effective enough to produce energetic electron flux with
energies exceeding 10 ev reported in Carlson et al. (1982). However, the very energetic electron flux (> 25 ev) measured by r.
Grandal et al. (1983) can only be generated by the nonlinear diffusion process of electrons that interact with the Langmuir
wave pairs propagating in directions opposite to each other along the magnetic field. The proposed mechanism can indeed
produce the observed energetic electron flux in HF ionospheric heating experiments.

4. APPEARANCE OF ARTIFICIAL SPREAD F

The detection of artificial spread F irregularities by ionosondes is discussed in this section with intention to understand
the puzzling occurence frequency of artificial spread F at different locations. Artificial spread F is generally believed to be
caused by the excitation of large scale (-a few hundreds of meters to kilometers), field-aligned ionospheric irregularities.
However, we note that a lack of artificial spread F does not necessarily imply the absence of HF heater wave-induced
ionospheric irregularities in the following outstanding cases. The radio star scintillations (Frey et al., 1984) and the scanning
radar incoherent backscatter process (Duncan and Behnke, 1978) indicate that large scale ionospheric irregularities had been
excited by HF heaters at Tromso and Arecibo while no spread F echoes were recorded at either place. Based on the work
of Kio and Lee (1984) and Kuo et al. (1985), the following anlyses show that spread F echoes are caused by ionospheric
irregularities whose wave vectors are situated within the meridian plane.

We interpret that spread F echoes result from the drastic variation of reflection heights of vertically transmitted radio
waves in the presence of ionospheric irregularities. This problem can be understood from analyzing the trajectory of rays
described by the following Hamiltonian equations of motion

dfIdt 3,,/dk (23a)
dkld° --V. (23b)

where and k are the wave frequency and wave vector of transmitted radio waves from the ionosonde; F- and t have their
conventional meanings of displacement and time, respectively. If w,2 > 1V is assumed, the dispersion relation of radio waves ".'-.
in the ionosphere is simply represented by
a. .~- .,~ k

2
,-' (24)

where x.,. and - are electron plasnia frequency and the speed of light in vacuum.

The unperturbed ionospheric density is modelled by N,,() N,,.)I - x 'L) for a horizontally stratified ionosphere having
a scale length L, where Y is the vertical coordinate and N,. is the electron density at the reference plane x - 0 located
at an altitude of H above the earth crest (see Figure 3). Field-aligned ionospheric irregularities can, in general, have two I -
independent polarization directions. One lies in the meridian plane, the electron density fluctuations then have the form
of IN, m k,(xcos6,. zsin6,,), where k, is the average wave number of the irregularities, 0,, is the local magnetic dip angle,
and z is the horizontal coordinate as shown in Figure 3 The other one is oriented perpendicularly to the meridian plane,
the electron density fluctuations can be modelled as ,!Nzsinki2 u 4), where k2 is the average wave number of this type of
irregularities. v is the coordinate perpendicular to the meridian plane, and 0 is an arbitrary phase angle.

In the presence of ionospheric irregularities the electron density distribution, n(z, ,, z). includes the unperturbed and the
fluctuating components The electron plasma frequency, w,., then has the following expression

where .', . is the electron plasma frequency at the reference plane, x 0 (onsequently. the trajectory of rays in the Cartesian
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system of coordinate is governed by the following six scalar equations

d kc2 (26a)

d kc 2  (26b)

d-., (26c)-l w

d kc

d, = - 1,+ (kLcos 6) cossk,(zcos ,, + sino) (27a)
Wd 2wL \Ni/ 61i%.~)
dk.= - (L2 k cos(kzy-s~ (27b)
t 2w N,

d _-t __, (6\N,,
d ,= - tan Oo iLN, (k IL cos 0(1) cos k 1(xcos 00 + z sin 0() (274) :2wL-:t. IKE:

reference plane

IONOSONDE

Figure 3. Configuration of the coordinate system

Equations (26b) and (27b) form one set of coupled equations, and equations (26a), (26c), (27a), and (27c) form the other
one.

Four invariants of ray trajectory have been found, they are - _ -

(N2 ) sin(k+ + (28)

N,, n / ±......- -

k,- k, cot 0,, + tL t r2  (29)"N

1 + (\U )z , ( I) s2(,i)sink, (xcos O, + z sin,, "-G-d %:

kxk + k. an2G) ,, 3+ (c.2L )k,(k, + k. tan 20,,) = r., (30)

(tan20.. z_ 6NI" (,in O' •-- Z4  L s in k,(z cos 0,, z sin 0,,)

{ c2L(f) k(k, - k, tan 20,,) - r, (31)

where rl, r. ri, and T4 are four constants in time. With the aid of these four invariant relations, the temporal evolution of
any one of x, z, k,, and k,, and either one of s and k, can be determined by the corresponding equations of ray trajectory, .. '
namely. (26-a.b,c) and (27-a,b,c).

> J,%
The elapsed time for each ray travelling from the reference height to the reflection height can, in principle, be calculated

by integrating (27-a) from k, k,, to k, - 0 with the prescribed initial conditions: r( 0) 0, z(t = 0) z,, and
k t 0) - k,,, and with the aid of the invariant relations, (29), (30), and (31). It is clear from (27-a) that k, is only affected
by ionospheric irregularities (referred to as type A irregularities) whose polarization lies within the meridian plane. Those
(referred to as type B irregularities) whose polarization is oriented perpendicularly to the meridian plane do not cause the
variation of reflection heights of radio waves. Types A and B irregularities can be excited by the filamentation instability of
X-mode and 0-modes HF heater waves, respectively (Kuo and Schmidt, 1983).

If the ionosonde-transmitted beam is modelled by many rays having different initial locations on the reference plane,
the spread F echoes can be interpreted to be caused by the difference in the reflection heights of the returned signals. The
virtual height spread in the ionogram is thus proportional to the maximum difference, Ax,,.,,, of these reflection heights. The 3 vmpq
quantitative analysis of our spread F echo model show that (J) Ax,_.. increases monotonically with the irregularity intensity,
(2) with a fixed irregularity intesity, Ax--.... increases with latitudes and then decreases monotonically to zero at 0,, = 90 ° , (3)
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significant spread F (i.e., large Ax,-) can be observed over a wide range of latitude including Arecibo (6, 500), Boulder
(0., = 68), and even Tromso (0,, = 780) as long as type A irregularities exist, and (4) spread F occurs with A, > 100 meters,
where A is the scale length of type A ionospheric irregularities. These results indicate that the appearance of the spread F
should not depend upon the locations of ionosondes. We conclude that HF heater wave-induced spread F's are caused by
type A irregularities with scale lengths greater than 100 meters.

Based upon our model of spread F echoes, we can explain the different occurrence frequency of artificial spread F's noticed
at Arecibo, Boulder. and Tromso as follows. The HF heater wave transmitted from Tromso, Norway is either a left (X-mode) -., 1
or right (0-mode) hand circularly polarized wave propagating along the geomagnetic field. Large-scale irregularities would be

K.7 excited by the filanientation instability preferentially in the direction perpendicular to the meridian plane for symmetric high
explain why artificial spread F's have never been observed at Tromso since the EISCAT heating facilities were operated a few

years ago. The HF heater at Arecibo is often operated in O-mode. During the O-mode ionospheric heating, no spread F or
change of reflection heights can be seen (L. M. Duncan, private communication, 1984). This can be understood now with the
proposed model of spread F echoes, namely, spread F cannot be induced by type B irregularities produced by 0-mode heater r.
waves. Finally, we discuss the reason why artificial spread F had been constantly observed at Boulder, Colorado. It is most "
possibly because the 0-mode and X-mode heater waves transmitted from the Boulder facilities cannot be separated as easily
as those from the Arecibo or the Tromso facilities. This speculation is based upon the fact that short-scaled (meter-scaled I
and less) irregularities can still be excited by X-mode heater waves at Boulder though not expected (Fialer, 1974). According
to existing theories (see, e.g., Gurevich, 1978; Fejer, 1979; Lee and Kuo, 1983a), only O-mode waves are able to generate
short scale ionospheric irregularities.

5. SUMMARY AND CONCLUSIONS

Three outstanding ionospheric phenomena caused by HF heaters have been discussed in this paper. The earth's mag-
netic field perturbations observed at Tromso (Stubbe and Kopka, 1981; Stubbe et al., 1982) are possibly produced by the -
thermal filamentation instability of radio waves that can also excite large scale ionospheric irregularities simultaneously. The 5.

irregularity strength and geomagnetic fluctuations are found to be in proportion. A standing wave pattern is created in the
HF heater-modified ionosphere because zero-frequency modes are associated with the excitation of geomagnetic fluctuations
and ionospheric irregularities. Langmuir wave turbulence that is generated by the parametric decay instability of O-mode
HF heater waves can be responsible for electron energization in ionospheric heating experiments. The diffusion effect of•Langmuir wave fields on the background electron distribution is evaluated as the process of generating energetic elctrons-

deduced in the measurements of enhanced plasma lines at Arecibo (Carlson et al., 1982) and detected in the in-site particle
-e measurements at Tromso (Grandal et al., 1983). Both quasi-linear and nonlinear processes of wave-particle interactons are

analyzed in a modified Fokker-Planck equation. Our analysis shows that quasi-linear diffusion may be effective enough to
produce energetic electron flux (> 10 ev), reported by Carlson et al. (1982). However, the very energetic electrons (> 25 ev)
measured by Grandal et al. (1983) can only be generated by the diffusion process through nonlinear wave-particle int-

*-.- actions with Langmuir wave pairs propagating in opposite directions. A flat electron distribution in the tail region that is - -
deduced from the enhanced plasma line measurements can be formed by the proposed mechanism. Artificial spread F echoes
are found to be caused by VF wave-induced irregularities (type A irregularities) whose polarization vectors lie within the

" meridian plane The phenomenon of spread F can be satisfactorily interpreted to result from the difference in the reflection
heights of the returned rays in the presence of type A irregularities with scale lengths greater than 100 meters.
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SUMMARY OF SESSION VI

Incoherent/Coherent Scatter

by

Dr G.Rose
Session Chairman

Four papers were presented during Session VI.

Bauer reviews recent scientific work using EISCAT. Results of large, medium and small scale studies are discussed, and
comparisons between EISCAT and the STARE radar measurements are communicated.

J,In order to investigate small structures in the high latitude F-region Hargreaves et al have used beam scanning of
EISCAT. In their paper, the magnitude of irregularities observed in four runs between 1982 and 1984 are analysed with
periods shorter than 2 minutes. Field aligned irregularities of scales of more than a few kms can be traced by the EISCAT ' '

UHF radar up to heights of about 700 km. The interesting results of the measurements are presented and discussed.

Kofman and Lathuillere used EISCAT to investigate the response of the ionospheric plasma to the energy deposition of
particle precipitation during disturbed conditions as compared to undisturbed situations. They obtained interesting results,
amongst others, on the change of ion composition in response to electron precipitation and Joule heating, and on the
variation of neutral density and temperature depending on the energy input.

Jones et al present interesting results obtained from experiments with the SABRE radar. Both, geophysical phenomena
of the high latitude ionosphere, and the plasma physics of meter scale irregularities have been investigated. The strongest 1.0.
backscatter between 13-19 UT and 23-03 UT was found associated with the main electrojets and only weak backscatter
occurred around the convection reversals. An interesting finding was that the aspect angle attenuation can take any value
between 0 and 10 dB per degree depending on the absolute intensity measured. It must be stressed that the charActeristics of
the backscatter irregularities are important to estimate the quality of communications and surveillance systems operating in
either HF or VHF frequency bands at these latitudes.
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EISCAT : A REVIEW OF RECENT SCIENTIFIC WORKS

P. Bauer
CNET/CNRS

38-40 rue du Gin~ral Leclerc
92131 Issy-les-Moulineaux

France

SUMMARY

The EISCAT UHF system located in Northern Scandinavia is in
operation since August 1981. In the general frame of observations of the solar
wind, magnetosphere and ionosphere interactions, EISCAT has been involved in
large, medium and small scales studies. Without being exhaustive this paper
deals with each of these scales namely :

- plasma convection and heating in the auroral oval,
- auroral arcs and particle precipitations,
- anisotropic !on velocity distributions, collision and composition effects

Son incoherent scatter spectra.

The EISCAT Scientific Association was set up in 1975 by research organizations from Finland, France, West .: ..

Germany, Norway, Sweden and United Kingdom with the purpose of building in Northern Scandinavia two incoherertt
scatter systems (UHF and VHF) aiming at the study of the auroral ionosphere. The UHF system operates since 1981 l" 1.'V

and has provided the EISCAT community with a wealth of data. Several of the highlights of the EISCAT scientific return
are presented in this paper.

L THE EISCAT FACILITY *.

, EISCAT stands for European Incoherent SCATter.

The EISCAT facility consists in two radarsystems (UHF and VHF) illustrated in figure 1. The UHF system
operates since 1981 and includes a transmitter (2 MW peak power) lcated in Troms8 (Norway) associated with a fully
steerable 32 m diameter antenna functioning as a monostatic radar; two identical receiving antennas at kiruna (Sweden)
and Sodankyla (Finland) give a tristatic configuration to the system and allow for full velocity vector measurements. The
VHF systems should start operating in 1983 and consists in monostatic radar (5 MW peak power) located in Troms8. The L
VHF antenna is a #0 x 120 m parabolic cylinder rotating along its horizontal axis. While the UHF system is unique for 't
velocity vector measurements, the VHF system will provide a considerable coverage both in altitude and in latitude.

The basic parameters obtained with these systems are: 4

- the ion velocity vector V.,
- the electron concentratin N
- the electron and ion temperatres, Te and Ti.
- the mean Ion mass <m I .
-the plasma frequency f "

~.'.. .•
'p.,

,o . 4 - °

, -,. - ,

-.
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NORWAY-

,USSR.....

Fig. 1. Map of northern Scandinavia showing the EISCAT locations and Geometry. I]3""-'''"



I- t-Wr370 - -16

6.1-2

IL AURORAL PLASMA CONVECTION

Access to the full ion vector velocity V. is one of the major interests of the EISCAT.U1JF system. From it, in
the F region of the ionosphere, can be directly herived the auroral convection electric field E since the following
classical relationship holds:

(where B is the magnetic field vector) which expresses that the Lorentz force balances the Coulomb force for the F2
region ionospheric plasma.

Eq. (1) can be rewritten as

(2) EAB

ILl

One thus gets an unambiguous determination of E; Yet such a determination is somewhat limited in horizontal
coverage and in time resolution. It is therefore tempting to extend the observations through others means and among '-. .1.
them the STARE [2] bistatic coherent radar is an excellent candidate since EISCAT is approximately located in the
center of its field of view.

The interpretation of the STARE doppler measurements is, however, not as straightforward as those of the -

incoherent scatter radar. It was consequently important to conduct a comparison study which was performed by Nielsen
and Schlegel [3J. Figure 2 gives the outcome of this comparison for both the amplitudes and the directions. 4

It appears clearly that while th agreement in direction is always excellent, the agreement of the magnitudes
is good for velocities up to about 700 ms- , for larger amplitudes the STARE estimates are systematically lower than %..
those of EISCAT indicating a "saturation effect".

The interpretation of the STARE data being based upon the simple fluid approximation of the equations
governing the two-stream and gradient drift instabilities, the above comparison points to the limit of the approximation t.
for large velocities and to the need of properly accounting for the energy dissipation of plasma waves through heating of
the electron gas.

T 1500

Cr

4U.J-/ A.," % -.-

0oo *so ..... ,...
S500 e

500 1500
VELOCITY oEISLAT), MS'

b

ANGLE (EISCT1;,DEG

Fig. 2. Comparison of the EISCAT electron drift velocity measurements with the electron drift velocity estimate
derived from the STARE Doppler velocity observations. Panel (a) displays amplitudes, and panel (b) displays the
direction. 3]
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17.2 Case studies

P1 ra flows studies ab v EISCAT have been performed for specific events on several occasions: e.g. by
Farmr etal.Y, Lockwood et al. Y1, Van Eyken et al. [6 J

Lockwood et al. [5] give an account of plasma convection motions observed on November 25, 1982. Above
EISCAT while the Tromso transmitter beam was operated in a fixed mode along the Tromsb field line (CPO mode). Two
substorms occur during the period of observation as identified in figure 3 from magnetograms recorded at Soroya (SOR),
Alta (ALT), Muonio (MUO) and Sodankyla (SOD). The substorms are triggered respectively at 1710 UT and 2149 UT.

The first one is identified with a Westward Travelling Surge. Figure 4 shows the behavior of the EISCAT field
perpendicular velocities (polar plot) with 5 and 20 minutes post integrations. Large westward flows are observed in the
afternoon sector from the time (1300 UT) at which data from all three sites became available. In spite of a data gap at
the onset of the first substorm, it is clear that the substorm injuces a southward swingof the plasma. Such a southward
turning during a substorm was also reported by Horwitz et al. L7J and Foster et al. (8 j. The flow afterwards returns to
westward and the dawn-dusk cell separatrix is observed at about 2120 UT. The second substorm also induces a swing to
southward flow and an increase in flow speed. After 00 UT the flows is predominantly eastward and irregular.

In both substorms the F region electron concentrations are depleted while the E region area are enhanced.
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Van Eyken et al. [6] have demonstrated the EISCAT capability in observing plasma convection at high
invariant latitudes (70 - 770). For large horizontal distances the classical tristatic determination of velocity vectors
become inoperative because of the smallness of the viewing angles from the different EISCAT sites. Assuming a
reasonable stationarity of the flow pattern in time and space, a beam swinging technique is used consisting in moving at a
low elevation angle (19.5*) the Troms6 transmitter beam between two directions 200 apart so as to reconstruct velocity
vectors in the plane of observation. Simplifying assumptions lead them to the determination of the ion velocity vector
components perpendicular to the magnetic field. The convection pattern thus obtained on November 27, 192 is exhibitedA
on figure 5. From the start of the experiment up to 1430 UT the usual sunward convection is observed up to
approximately 740 invariant latitude where it reverses indicating the location of the polar cap boundary. Between
1430 UT and 1440 UT a large northward flow develops, which from the point of view of Van Eyken et al. [6] might be
the ionospheric signature of a time dependent reconnection at the magnetopause called "Flux Transfer Event" (Russell
and Elphic [s]). After 1440 UT the sunward convection is restored but the polar cap boundary is no longer easily located.

EISCAT
27 NOV 1982 , -

.-. I km/s

76- . - -

w --. , / -t/ _ ",-. ,. .
o

--.- .- V .'.' %4-

72 ,

70 I I I I I I -
13.0 1400 1420 1440 1500 1520

UNIVERSAL TIME

Fig. 5. Plasma drift velocities normal to the geomagnetic field on 27 November 1982, obtained by combining data from
equivalent L values at azimuths 3150 and 3350. [6]

0.3 Globa scale amroral studies

Simultaneous observations from three radars (Millstone Hill radar, Chatanika radar, EISCAT) at locations
about equally spaced along the auroral zone have been performed between 1981 and 1982 in the frameword of the
MITHRAS program [10]. The data discussed in a paper by Caudal et al. [11] concern observations made during a period
of large magnetic activity on November 18, 1981. This paper also includes data from Saint-Santin at midlatitudes. . ..

Figure 6 exhibits the North South electric fields measured by the four incoherent scatter systems. They are .
plotted versus Universal Time. However the magnetic local time (MLT) is also indicated for each of the auroral zone
radar.

The first interesting feature is an apparent correlation between the fields observed at Chatanika and at
Troms6. A closer analysis shows that this is simply due to the fact that Chatanika leaves the auroral zone on the morning
side while Troms8 enters the region of cell reversal (coinciding with the Harang discontinuity). The most significant J %.'. e.,
feature is that for this magnetically active period the convection pattern is remarkably stable with strong Northward %
afternoon electric field, a very early and extended reversal of the field (up to 5 hours at Troms6) coinciding with the ..* . .
Harang discontinuity (figure 7). It should be noted also that the field strength for similar MLT is twice as large at Troms6 ,-.,. *., .*
than at Chatanika. At last (figure 6) it is interesting to note that unusually large electric fields are observed at
midlatitudes.

The same data set (November 18-19, 1981) as well as data gathered on December 15-16, 1981, were used in a
study conducted by de la Beaujardiire et al. [12]. In addition to incoherent scatter data satellite data was available
from ISEE I and 3, NOAA 6 and 7, DE I and DE 2. One interesting feature revealed by the data is the considerable
differences in electron concentrations measured at 500 km around 00 MLT at the different sites. The concentrations
observed at EISCAT are about two times larger than those of Millstone Hill (figure 8). According to the authors, this
illustrates the fact that the magnetic field tubes being convected in few hours from the dayside of the auroral oval to the . ,
nightside the electron concentration of the F region depends upon the replenishment occurring on the dayside. The
differences observed are due to the relative locations of the terminator with the conjugate dayside regions: while the
EISCAT conjugate dayside region is well illuminated, the Chatanika conjugate region is hardly illuminated and the
Millstone Hill one stays in the shadow. These varying situations are linked to the relative locations of the geographic and
geomagnetic poles.
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11. Large =ale lonoqohere-mnagnetosphere interactions

The dynamical couplin of the auroral F region ionosphere and thermosphere has been investigated by Alcaydi • -
et al. [13] and by Rees et al. [l4J.

Alcayd6 et al. [13] for two summer days (June 2-3, 1982 and June 16-17, 1982) show that while strong
convection drifts are observed in the afternoon and in the early morning (figure 9), the thermosphere responds to them
very differently. Indeed in the early afternoon the drag exerted by the ionosphere on the thermosphere is quite efficient
in moving the thermosphere. As a result no definite frictional heating of the ionosphere can be detected (figure 10). On *, .
the contrary during the early morning period a strong heating develops (figure 10) which is partly due, to the reduction of,.
the ion drag (due to the smaller nighttime electron concentration) as suggested by Baron and Wand L15J and partly due "

to the counter effect of the Coriolis force associated with the southern winds driven by the global thermosphere
circulation. These features corroborate the observations of the McCormac and R. W. Smith L16] using optical
interferometric techniques.

Direct compari ons of EISCAT plasma flow measurements and Fabry-Perot Interferometer observations have
been made by Rees et al. LM]. Figure I I exhibits the Fabry-Perot meridional wind compared with the EISCAT derived
meridional wind. The agreement is globably satisfactory.
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Fig. 11. Meridional thermospheric neutral wind as measured by EISCAT (lines) and the optical Fabry-Perot
Interferometer (dots) at Kiruna. [14]

III. MEDIUM SCALE STUDIES

I. Localisation of the footpoint of the GEOS 2 magnetic field line

Schlegel et al. [17] by combining GEOS 2 satellite high energy particle data and EISCAT E region electron
concentration data have been able to clearly identify the footprint of the magnetic field line going through GEOS 2. .
Indeed the radar being used in a scanning mode in the north south vertical plane allows to locate regions of increased
ionization in the E and F1 layers resulting from particle precipitations observed on the GEOS spacecraft. The region of * , ""
"apparent precipitation center" is according to the authors closely located to the foot of the GEOS field line.

111.2 Energy spectra of electrons precipitating above the EISCAT area ":

Perraut et al. [l8]using data obtained on June 2, 1982 with the EISCAT radar pointed along the Tromsa
magnetic field line, together with conjugate measurements of the ARCAD-3 satellite, have been able to infer electron .
energy spectra in the range I to 10 keV using a technique developed by Vondrak and Baron [19]. The technique consists
in inverting vertical profiles of ionization so as to yield as a function of altitude the source of ionization due to particle A-- ,
precipitations; from this, assuming a model of lower thermosphere one can estimate the energy spectra of the
precipitating electrons.

Figure 12 gives a comparison of the energy spectra measured on board ARCAD 3 and those determined at
EISCAT around Jhe time of conjugacy of EISCAT and ARCAD 3. The agreement is quite good in the range of few hundred
eV up to few 10 eV.

The method thus qualified allows to differentiate auroral forms: diffuse aurora or intense localized A

structures.

M.3 Gravity wave observations have been reported by Bertin et al. [20] and Crowley et al. (21]. In the latter paper,
use of an HF doppler radar together with EISCAT was also made. Cross spectral analysis of the data allows the vertical ..
variation of the neutral temperature and horizontal wind in the thermosphere to be estimated.

IV. MICROSCOPIC SCALE

IVA Ion temperature anisotropies F7 ,
The tristatic configuration of EISCAT allows to determine the plasma temperatures for different observing

directions of the same volume. This particularity was used by Perraut et al. [22] and Perraut et al. [23] so as to .'"
investigate possible ion temperature asymmetries between magnetic field aligned (T/) and magnetic field perpendicular
directions (Ti 1). It was indeed found on November 1982 that for instances of very Arge convection drifts, the Troms6
temperature estimate (along the field line) was systematically smaller than the one of Kiruna (17* from the field line) . .,
itself smaller than the one of Sodankyla (27* from the field line) at an altitude of 312 km (figure 13). From it an
anisotropy factor of about 1.3 (Tii/Ti//) can be deduced for a 50 mV/m electric field stregth. This demonstrates the

anisotropy in ion velocity distributions, )redicted theoretically by St-Maurice and Schunk [ 24J, which develops when ions
are simultaneously accelerated with respect to the neutrals by perpendicular electric fields and decelerated through
collisions with the neutrals.
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4% IV.2 Extension of incoherent scatter observation to the 0 region

(omn During the Cold Artic Mesopause Project (CAMP) EISCAT recorded the first D) region ion line spectra '
(Kofan t a. E25)). In addition to temperature and neutral wind measurements the incoherent scatter spectra allow foA

determination of the negative ion concentration. Indeed, as shown by Mattews [26] and Fukuyama and Kofman [27J
the width of the incoherent scatter spectra ion the D region is very sensitive to the negative ion concentration to4
electron concentration ratio. This effect is illustrated in figure 14 which at 77 km exhibits rapid changes of the spectra
widths over a 30 minutes interval. The larger widths correspond to large negative ion concentrations.

IV.3 F region heating dtwkq an Intels aurora

Maehlum et al. [ 29]have reported F region electron heatings correlated to increases of the E region electron
concentration. They suggest that the F region heating may be due to current driven Instabilities generated during intense
precipitation of auroral electrons.

IV. Artificial entwamn of plasm lines

The combinalior of the Max-Planck-Gesellschaft heating experiment installed in Troms8 and EISCAT has
allowed (Hagfors et al- L29 ) to observe heater enhanced plasma lines. While the spectra (figure 15) observed contain
details which can qualitatively be explained, the striking feature is that after an initial overshoot the enhanced
fluctuations disappear in contrast with previous observations made at Arecibo, with however a very different
configuration of the beam with respect to the magnetic field.

IVJ Ion coniposition measwements

Ion composition measurements have been obtained in the F region by Lathuilliire et al. [30] who have shown%
how important they were for obtaining the correct temperature measurements around 200 km.
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Fig. 14. Sample spectra measured in the inonostatts mode with 2 mmn post Integration time. The altitude corresponds to
the centre of the sampling range gate (Tromali on 28.07.82). [25]
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CONCLUSION

The EISCAT results reported here correspond essentially to an initial observing phase. While several original
results have already been obtained, most of the matter presented here concerns either the intercomparison of data with
other techniques or the trial of new observing schemes. Clearly, EISCAT appears as a remarkable tool which should, in
conjunction with other ground based or space instruments, provide a definite quantitative understanding of the auroral *
processes at large, medium and microscopic scales. r AW
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DISCUSSION %

R.A.Greenwald, US -%,
Recent results by Nielson and Schegel indicated that E-region irregularities heat the electrons causing an increase in the
acoustic velocity. Thus, as the electric field increases and drives the irregularities more strongly, there arc increases in --low
the acoustic velocity and no true saturation of the irregularity Doppler velocity; albeit at a given E-field strength, there .
appears to be a saturation of measured irregularity Doppler velocity within a cone of angles about the drift direction.
Nielson and Schegel obtained an empirical calibration curve for this effect and have been able to obtain good agreement
with the EISCAT E-field and plasma drift measurement over a wide range of electric field values.
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4,
IRREGULAR STRUCTURES IN THE HIGH-LATITUDE F-REGION OBSERVED USING

THE EISCAT INCOHERENT SCATTER RADAR W'4

J.K. Hargreaves, C.J. Burns and S.C. Kirkwood*
Department of Environmental Science
University of Lancaster
Bailrigg, Lancaster LAI 4YQ ,. -
England

SUMM4ARY

An EISCAT experiment using beam scanning has been devised to investigate small
structures in the F-region at high latitudes. The paper considers the magnitude of
irregularities as observed in four runs between late 1982 and early 1984. For
periodicities shorter than 2 mins. the standard deviation of the electron density as
a percentage of the mean electron density increases with altitude and can be as large
as 30% at altitudes above 600 km. The irregularities studied have periods between
about 2 mins. and 30 sec., which corresponds to spatial periods in the range
15-60 km if the drift speed is 500 m/s. .-.

1. INTRODUCTION

As an approach to studying irregular and relatively small-scale structures in
the auroral F-region, a program has been developed to scan the beam of the EISCAT UHF
radar over a small region of the ionosphere, the region being scanned several times
in the course of a run lasting about 90 minutes. The experiment is sensitive to .
irregularities several kilometres across and more since the UHF beam covers some
3 km at range 300 km, and the radar sensitivity for typical electron densities in the
F-region enables variations of a few percent in the electron density to be detected-"
in a time less than 10 s near the F-region maximum. First analysis of the data -
(Hargreaves et al., In press) has shown that it is possible from the experiment to
determine the presence of irregular structure to above 750 km in some cases, and to
estimate its magnitude, to observe how the degree of irregularity varies from time
to time during a run, to observe periodicities in the structure, and to estimate the
velocities of individual field-aligned structures.

When possible, runs have been timed to coincide with other observational
opportunities such as passes of the HILAT satellite which measures a wide variety of
properties including electron density, temperature and plasma drift velocity (HILAT
Science Team, 1983).

The data can be treated in various ways to study different properties of the
ionospheric irregularities. The present paper discusses their magnitudes as observed
in four runs between late 1982 and early 1984.

2. BEAM-SCANNING EXPERIMENT

The concept of the experiment is illustrated in Fig. 1. In its latest form all
scans of the beam are referred to the local geomagnetic field direction; the beam
describes a cross having arms 64 km long at 300 km range, oriented north, south, east
and west. Since the local magnetic field is inclined '13.5 deg. to the vertical at
the transmitter site (Ramfjord, 69.6 deg. N, 19.2 deg. E), the 64 km scan means that
at its northern most extreme the beam is just short of the zenith. The beam steps
along by 2 km at a time (at the 300 km level) and the returned signal is recorded for
4 s at each step. Another 4 s is allowed for the beam to move between steps, but data
are taken continuously giving an effective beam speed of 250 m/s at 300 km range with
no data gaps. The range resolution is 37.5 km and in the main experiment ranges from
184 km to at least 600 km are recorded. (E-region measurements at greater range .'"-

resolution have been included in the more recent runs.)

The normal order of scans is ."

St, S-N, N-S, S-N, N-S, St, E-W, W-E, E-W, W-E, St,.-

giving 11 sections. A sweep from south to north, for example, takes 512 s, and %
stationary periods (St) where the beam is pointed along the magnetic field for %
512 s are included in the sequence. One complete run takes about 90 min. For detailed e
studies each section would be delayed separately, but to assess the slower variations %,
it is also useful to display the whole run since all data refer (at 300 km range) to " '
points within 64 km of the field direction. .

* Now at EISCAT Scientific Association, Troms6, Norway.
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Table I summarises the runs made to date and the state of data reduction.

3. SAMPLE RESULTS 49

Figure 2 illustrates typical observations in a convenient format. Electron density
is plotted as ordinate and is placed on the diagram so that the mean value is at the
level of the range mark. The abscissa shows time in seconds. Figure 2a is from a
period with strong irregularities, whereas in Figure 2b the irregularities are much
weaker. Since the beam was pointed along the geomagnetic field at these times it may
be seen that the irregularities, as would be expected, are essentially field aligned.

There is plainly a considerable difference in irregularity intensity between these
two examples although the observations are both from the same run. These examples
also show a significant variation with range. The irregularity magnitude is obviously
smaller at the lower altitudes; at the greatest ranges the measurements become
increasingly noisy, though true irregularities are certainly present in the random
noise.

4. IRREGULARITY MAGNITUDE AND ITS HEIGHT VARIATION

The runs of November 29-30 1982, December 5-6 1983 and February 10 1984 are
comparable in that they were made in the late evening in winter using essentially the
same observing prograff. A HILAT pass occurred during the run of December 1983.

Taking the standard deviation of the electron density as a percentage of the mean
electron density during the scan gives values ranging between 3% and 62% at 184 km
(the shortest range), and between 15% and 91% at 597 km. After filtering to remove
periods greater than 2 min. the standard deviation ranges are 2-19% at 184 km and
12-66% at 597 km. Power spectra conf irm visual impressions that the variations at
lower altitudes represent real structures, whereas those at the highest levels are
mainly random errors due to experiment noise. The spectra shown in Fig. 3a, which
were derived from the electron density values of Fig. 2a, show marked periodicities 7. rd.
of 152 s and 65 s which are each coherent over a range of heights. Such features are
not seen at the greatest heights.

To compensate for the experiment noise, values of the variance during the quieter
sections may be averaged and subtracted, height for height, from the variance during
the more disturbed sections of the run. Assuming that the experiment noise did not
change with the intensity of the irregularities this procedure enables us to quantify 4I
the height variation of the irregularity magnitude. (Should there have been some
irregula-ities during the quiet periods - as there well may have been - the procedure
gives a Ilea,,t vaeae for the variance due to irregularities, and still measures the
change f-~om quiet to d.L,~tualed condition4~). ~

The level of experiment noise depends on the parameters of the radar and on the
electron density as a function of range. During the runs of 1982 November 29-30 the
electron density profile (Fig. 4) changed relatively little and thus the experiment
noise should have been almost constant throughout at any given range. There is no *

apparent association between the shape of the electron density profile and the intensity
of irregularities. In Fig. 4, which shows the profiles during the 6 sections of the
runs when the beam was stationary, irregularities were weak during sections 3 and 5,
but strong during the other sections.

Fig. 5 shows the vertical structure of the irregularity magnitude as derived by
the above procedure, the data having been filtered to remove periodicities longer than
about 2 minute . In absolute terms the standard deviation is largest in the topside

*ionosphere so,,ewhat above the F-layer maximum. In relative terms, expressed as a
percentage of the mean electron density, it increases indefinitely with altitude up

*to at least 750 km. In deriving these values the variance subtracted exceeded that
* remaining for heights above about 600 km.

A similar procedure has been applied to the run of 1983 December 5-6, and a similar
result was obtained (Fig. 6a) . The relative standard deviation varies from 4% at
184 km to 28% at 671 km. (For the reasons given above this will be an underestimate
rather than an overestimate.) It is interesting that the shape of the F-region changed
markedly during this run (Fig. 7a) but this change was not accompanied by any obvious **X'..~
change in the magnitude of the irregularities. The experiment noise increased at the
greater heights as the electron concentration decayed, as would be expected; for this
reason the last few sections, when the decay was most rapid, were n-1- included in the ?
analysis leading to Fig. 7a.

In the run of 1984 February 10 (Kp = 5) every section showed irregularities and
there was no quiet period against which to compare. Subtracting the smallest
variances, from wherever they occurred, from sections 1-4, which appeared to be most
active, leads to the results of Fig. 6b. Again the electron density profile changed
greatly towards the end of the run (Fig. 7b).

, A wt l
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5. CHARACTERISTIC PERIODS AND SPATIAL WAVELENGTHS

The run of February 1984 proceeded without significant breaks, and these data
% are particularly suitable, therefore, for spectral analysis. Figure 8 shows the power

spectral density as a function of range, taken over the whole run for the filtered
data. The high-pass filter used (a simple moving-point average) transmitted half power
at frequency 8.16 x I0-3 Hz, period 122.5 s; this frequency is marked on Fig. 8. It MR
is seen that most of the power is in periodicities longer than about 30 s, and that
the power measured at periodicities below 24 s is mainly noise. Although we have tried
to emphasise the shorter periods in this study of the magnitude of the irregularities,
there is considerably more power at longer periods.

Assuming that the observed time variations arise because of spatial structures
drifting through the beam, a knowledge of the drift speed would enable us to convert
the time spectrum to a spatial spectrum. The lower scale of Figure 8 shows the distance
scale on the assumption of 500 m/s drift speed.

6. CONCLUSIONS

1. Field-aligned irregularities on scales exceeding a few kilometres can be detected
by the EISCAT UHF radar to heights of around 700 km.

2. In four night-time, winter runs studied, the magnitude of the irregularities comes
to a maximum at or somewhat above the F-region electron density peak; including
only periodicities shorter than 2 minutes, their relative magnitude increases with I-
height, being typically 5-10% of the mean electron density at heights near
200 km, and 15-30% near 650 km.

3. Although the irregularity intensity varies greatly over periods of tens of minutes,
there is no apparent relationship between intensity of irregularities and shape
of the mean electron density profile.

4. The irregularities quantified by this analysis are in a frequency band

8 x 10- 3 to 4 x 10- 2Hz (periods 122 s to 25 s), the lower limit being set by the
filter used. Irregularities are not observed above the higher limit. If a drift :..-.
speed of 500 m/s is assumed this frequency band corresponds to spatial wavelengths
of 15-60 km.
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Table 1 '

Summary of EISCAT runs of SP 103 '

Date Time(UT) Kp Program Comments

1981 Dec 17 1500-1700 2- 150 km scans System performing poorly. No
irregularities seen. Analysed in ~ \

detail and shown that variations no
larger than system noise.

1982 June 3 1100-1300 2+, 2 ±50 km scans Daytime. No irregularities seen. No
analysis planned.

1982 Nov 29-30 2115-0035 5-, 4 ±64 km scans Irregularities present. Analysed
(2 runs) for magnitudes, spectra and velocities

1983 Dec 5-6 2310-0050 4-, 3+ ±64 km scans HILAT pass at 2333 UT. Irregularities
E region analysed for magnitudes and-spectra.

1984 Feb 9 2100-2300 3- Searching mode Tapes at RAL, not yet accessed. K
Electron densities low.

1984 Feb 10 2100-2300 5 ±64 km scans Irregularities present. Analysed
E region for magnitudes and spectra.

1984 Dec 15 0820-1100 3/4* Tapes at RAL, not yet accessed.
(2 runs) HILAT pass at 0927 UT.

*1984 Dec 15-16 2300-0150 5/4* Tapes at RAL, not yet accessed.
(2 runs) HILAT pass at 0026 UT. '

*Preliminary values

WI FIELD LINES
(b) FIELD LINE (AZIUUTH-1?sM(,EL,.7e..I*)

LO 0k 'S, 06k,11 AM-
500k. - 410k.

BEAM

4 I t Ie

300k. ~ 37 kPLSE LENGTH 300k.

/ Ia,,, 3111 EAMWIDTI4
h. ,AT 300 It RANGE Stiops

rAZ.1ST 24 I221

tEL- "1."I f Z-222.S'

1 08.6 El?I.71

Fig. 1. Scans of the UHF radar beam. Each scan is made up of .

64 steps and takes 512 seconds: 1

(a) Elevation (N-S) ; (b) Azimuth (E-W). P.

.6% p.)

%~.JJ



6.2-5

444.41

-.. v-. -- -

$1.16 
Syt.ll

,84 -
84

I MEAN 7'

;.~ d ,o ,,6 ,o ,0oo 1" 
"

,. . -: .

TIMIS..)

Fig. 2. Examples of electron density variations seen with the

beam stationary, 1982 November 29: %, N

(a) 2115-2123 UT, showing strong irregularities;

(b) 2242-2251 UT, showing weak irregularities. 
T-

V. 
J

Is,1
- ..

74008.1 709. 

.

671.6071.6

Fig.2. Exmlso ei

°T 
22,12 1 .6 -" % 

" 
" "

beamur 2tationa d 1982noveatrn 29: ngeenremved

(a) 2115-2123 UT, showing strodirreuliies f12 6s; .

; ~(b) 2242-2251 UT, showing weaki rreguli ties. . .

*400

5?..9

4w

0he feecu s. 03.- -4,

-'--5-.-,-.,.

RELATIVE TREOUENCY RELATIVE FREQUENCY

Fig. 3. Normalised power spectra for the observations shown in ~ ~
Figure 2, mean and linear trend having been removed:
(a) 2115-2123 UT, showing periodicities of 152s and65s;
(b) 2242-2251 UT, showing mainly noise.
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The frequency unit is 1.98 x 10 Hz.
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Fig. 4. Mean electron density profiles on 1982 November
29-30, stationary beam. ~

PROFILES OF MEAN ELECTRON DENSITY. STANDARD DEVIATION, AND THEIR RATIO.

1982 NOVEMBER 29-30. AVJERAGES FOR RUNS I & I

3394. 4

14847 I N

f4(105
CM-3 ) S.. of NqF(lO5Cm 3

) SD/e e'b

Fig. 5. Vertical structure of irregularity magnitude, 1982%
November 29-30, after correction for experiment noise.
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PROFILES Of MEAN ELECTRON DENSITY. STANDARD DEVIATION, AND THEIR RATIO.

(a) 143 DECEMBER 6-4 (AVERAGED OVER SECTIONS 2,3.4.6.7)
334.4.4

(b) 194 FEBRUARY 0 (AVEAAED OVER SECTIES T-4)

034.
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-:
""(b) 14 Feru arAyE OVER S".TI-NS 1"

184

0~~~ ",, 2." IF '-0- D "j

5% 634

2 -A

(b 198 Februar 10.00.-.

MEAN ELECTRON DENITY PROFILES. STATIONARY SEAM,
(a) 1983 DECEMBER 5-6

. 2315-2323 U.T. 2359-0007 U.T. 0042-0051 U.T.

• . tHe at 371.5 km
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Fig. 7. Mean electron density profiles and variation of
electron density at 371.5 km range:

(a) 1983 December 5-6;"-(b) 1984 February 10.
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EISCATr TROMSO ELECTRON DENSITY 10 FEB 19S4 ;

21 20 28 TO 22 43 0
NORUALISED POWER SPECTRAL DENSITY ESTIMATES

FILTERED

LAO WINDOOW - 125 WHITE NOISE r
UPA USED - 15If. - 5%)
FREO STEP * 204E -3 HZ
MAX FREO .S00E -I HZ

RANGE (k.1 ____________________

484.

447IFy

409

372

084 1 0 0 0

RELATIVE FREQUENCY

122.5 a., 49.10 32.7 74.5 .*C P(sitc)

III~( 24.5 16.35 12.25 Kitn.) if $00-19,,

Fig. 8. Normalised power spectra over the whole ~.
of the run on 1984 February 10. The
frequency unit is 2.04 X 10-4 Hz, and a
high-pass filter (8.16 x 1023Hz) was
applied.

DISCUSSION

A.Rodgcr, UK
Have you investigated the iI In and electron temperature within the irregularities and compared these with -

corresponding temperatures of the ambient plasma? 
A

Aufhor's Reply
Lack of time has prevented this being investigated, but it would certainly be interesting to do so as something that might
shed light on the origin and age of the irregularities observed. P

%P
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OBSERVATIONS OF THE AURORAL IONOSPHERE USING EISCAT

W. KOFMAN, Ch. LATHUILLERE

LA346 -CEPHAG - B.P.46 - 38402 ST-MARTIN-d'HERES

ABSTRACT " S.

In the auroral zone, in addition to solar energy input to the atmosphere, energy is deposi- '

ted on occasion by particle precipitations and electric fields. These energy inputs of-
ten very large, modify the circulation and composition of neutral atmosphere and

* ionosphere. EISCAT facility gives the possibility to study the ionosphere and atmosphere
*in the auroral zone. We describe the auroraliospeedrn qutaddsubd

periods,.oopeedrn ue n itre

* We show the behaviour of the ionospheric plasma :-increase of ionization, electron and ion
* temperatures, -change in the ion composition in response to electron precipitation and

Joule heating. We calculate the total energy deposited locally in the E layer and the
energy imput to ambient electrons in the F layer. We show that the precipitated elec-
tron flux is composed of both high and low energy electrons. Finally, we show the varia-
tion of the neutral density and temperature depending on the energy input.

INTRODUCTION

A basse et moyenne latitude la principale source d'4nergie de la thermosph~re eat ! -

constitu~e par l'absorption des rayonnemeats EUV et UV solaires ;dans lea r~gions auro- V'~
rales l'6nergie d~pos~e par les particules 4nerg~tiques et par les champs 4lectriquea,

* sous forme de chauffage Joule, eat souvent plus importante :quelques dizaines de
mWm-2 (rappelons que InWm-2 =lerg cm-2s-l), bien que trAs variable dans l'eapace et le
temps comme le montrent les diverses observations effectu~es par le radar de Chatanika
(Vickrey et al 1982, Banks 1977, Wickwar et al 1975, Ponthieu 1982). '

Ces 6tudes qui d~duisent les taux de chauffage Joule et particulaire a partir des
donnAes de diffusion incoh~rente se basent sur des 6tudes th~oriques qui d'une part cal- 0WI
culent le tranafert d'6nergie entre ions et neutres en fonction des champs 6lectriques
et des conductivit~s ionosph~riques (Rees et Walker 1968, Cole 1962, 1975), d'autre
part estiment la fraction de l'6nergie incidente des faisceaux d'4lectrons 6nerg4tiques
qui est converti en 6nergie thermique :50 a 60% (Rees 1975, Banks 1977, Singh et Gerard
1982, Rees et al 1983). Parall~lement i l'65valuation des quantit~s d'4nergies d4pos~es
dana l'atmosph~re aurorale, un effort important est actuellement r~alis6 pour przici-

14 ser qualitativement et surtout quantitativement les modifications de l'ionosph~re et de
4 l'atmosph~re neutre aasoci~es A ces d~p~ts d'6nergie. Des models num~riques A 3 dimen-

sions de l'ionospht-re (Schunk et Raitt 1980, Sojka et al 1981 a b, Schunk et Sojka
1982) et de la thermosph~re (Dickinson et al 1981, Fuller Rowell et D. Rees 1980)
permettent d'6valuer de nani~re ind~pendante la r~ponse de l'ionosph~re (r~gion F) et
de la thermosph -re (altitudes sup~rieures A 120 kin) aux apports d'6nergie auroraux.

* L'effet du chauffage auroral sur la basse thermosph~re (altitudes comprises entre 70 et ~
* 350 kin) a 6t6 examin6 tr~s r~cemment par Roble et Kasting (1984) A l'aide d'un mod~le A

2 dimensions.

Malheureusement ces mod~les ne traitent pas encore de mani~re self consistante, le
couplage entre ionosph~re et atmosph~re neutre et la comparaison avec les r~sultats ex-
p~rimentaux reste difficile :voir par exemple V'article de Pr~lss (1980) qui synth~tise
les r~sultats obtenus par sat~llite concernant lea variations de l'atmoaph~re neutre et

* de I' ionosph~re associ~es aux orages magnAtiques, et les compare avec lea diff~rents modAi-
* lea exiatants.

Dana notre 6tude, exp~rimentale et locale, nous montrona que la mAine technique de
diffusion incoh~rente permet d'4tudier lea variations de l'ionosph~re (densit6
6lectronique, mais aussi temip6ratures 4lectronique et ionique) et lea variations de Ia

Nbasse thermosph~re (tempiratures et densit6-7 neutres) associ~es aux apporta d'4nergie
Joule et particulaire. Pour cela nous utilisons lea donn~es du Sondeur Europ~en Eiscat .

dont lea techniques "single pulse" et "multipulse" sont tout d'abord d~crites. Des exem- e

% plea de d~p~ts d'4nergie Joule et particulaire sont ensuite pr~sent~s puis des corr~la-
tiona entre ces d~p8ta d'4nergie et la composition ionique entre 150 et 350 km P
d'altitude d'une part, la temp~rature et la densit6 neutre entre 90 et 120 km d'altitude
d'autre part sont alors discut~es.

TECHNJIQUE DE MESURES ET ANA\LYSES DES DONNEES

Les mesures que nous inontrons utilisent en g~n~ral lea possibilit~s tristatiques
d'EISCAT dana le but de doiterminer le champ 6lectrique en plus de tous lea autres
param~tres. L'antenne de Troms6 eat dirig4e parall~lement au champ inagn~tique, lea 1o-
bes des antennes de Kiruna et de Sodankyla d~coupent le lobe de l'antenne de Tromad
110 km et 312 km d'altitude. Le sh~ma d'iinpulsions eat compos6 de deux ou trois modes
diffrents (CPO ou CPI). Le mode "multipulse" eat conatruit A partir de 5 impulsions de
15 /Asec ce qui correspond A 2.25 km de r~solution en altitude. Lea donn~es de multi- ,
pulse sont analys~es avecun tepsd'int~gration de 2 A4 min. Ce mode est utilis6 dana
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Lea paramoittes de Ia region F sont dicterminfis avec le mode "single pulse", qui donne
une rfisolution en altitude de 54 km avec un pas de 27 km. Le mode "puissance" permet Ia
assure de la densItS Slectronique de 90 A 350 km avec ufl pa8 de 1.5' km (r~solution en
altitude de 9 kmn). Lea donnges sont normalement analysfies avec is programme d~veloppfi % *.

par G. Lejeune (1979) dana lequel on peut choisir difffirentes atrat~gies d'analyse. Les
donnfies du mode "multipulse" sont analys~es at; dessous de 108 km en recherchant is den-

s itfi glectronique (Ne), la tempfirature de plasma (tetmpfirature glectronique (Te) - tempfi-
rature ionique (Tj)), Ia frfiquence de collisions jon-neutre ( Pin) at la vitesse des 9
ions (Vj). Au deasus de 108 km lea donnfies sont traitfies en determinant N~ T ,Ti. Les
meaures du mode "single pulse" soft analysfies avec un nouveau modale de composition
(Kofinan etLathuiLlere 1985, Lathuillere et Brekke 1985) et on d~termine Ne,
Te, Ti et V1. Pour certaines donnges, en plus des paramatres courants nous dfiterminons
lea compositions ioniques (p) entre 130 et 350 km d'altitude. Cette analyse n'est pas
toujours possible, elle d~pend de ia qualitfi des donnfies.

VARIATIONS DE L'IONOSPHERE ET DE LA THERMOSPHERE

Nous avons discutg dana l'introduction lea difffirents m~caniames reaponsables des
d~p8ts d'6nergie dana l'atmosphAre aurorale ; champs 6lectriques et prficipitations de
particules. Nous avons analysfi ces processus et leur influence sur l'ionosph~re sur des

* exemples choisis.

a) Chauffage Joule

La figure 1 montre lea paramdtres ionosphfiriques en fonction du temps, mesurfis par
lea trois stations d'EISCAT A 312 km. La journfie du 30 Novembre eat magn6tiquement none.

perturb~e entre 1100 et 1400 TU. La den-

EIISCAT t43VEt1A',ER 30, 1982 (312 kin) sitfi flectronique d~croit lentement, ce- .

ci i6tant due au couchfi de soleil. Une
--- --- brusqu vaiaio d---- is vie- i-ni---

z w' Te mesurge A1 Sodankyla, qui est le plus
C) Q:sensible au mouvement Est-Ouest du plas-
a : D _ _ _ T_ _ __T _ I b u s u c h m p a l r i i n e l an d i q u s s a u r q u pa f i - *-

1 2500 ma, eat visible. Une augmentation brutale

gur pa0'ageta o de la vitesse
wj ionique au dessus de lO0m/sec Al Sodanky-

!~ 200 * li (fiquivalent A 15 mV/in) eat corr6lie
V2 4 avec l'augmentation rapide de Is tempfi-

wN, rature ionique. C'est is chauffage Joule
3qui eat tras efficace pendant cet%

zE '6~ vAnement. Les difffirences qui ont 6tfi
S 2 - observfies dens is tempgraturs Ionique,

*j vue par lea trois stations sont expli-
Uj 10 1 qufiss par l'anisotropie de ia distribu-

* 004tion des ions (Perraut at al 1984).
200 T1  Pendant is p~riode de Is convection

I intensifi~e, ia temp~rature ionique a
augmenti en moyenne de l'ordre de 600K. .

.1.Noua montrons lea profila de Ne, T5
Ti, p (f igure 2 ) avant Is pfiriode du

Cr chauffage Joule et pendant cette p~riode.
~ 1500 *Les l6g~res diff~rences entre lea param4-

Wl tree montr~es eur lea f igures 1 et 2
sont dues A lanalyse qui a 6t6 faite

o pour Is figure 1 avec le mod~le de com-
position alora que dana is rae de ia fi-

* gure 2 is composition a 6tfi d~termin~s
simultan~ment evec lea autree parametres.

1000 Noua pouvona dietinguer deux effete ma-

Vj jeura ; le changement de is composition
100- ionique dana is r~gion F et Is diminu-

~tion de Is deneit6 glectronique corr6-

E ~, ,*4~ *~ iy* '~, * l~e aver 1'augmentation de la tempfira-
-10' i* ture 6lectronique. Le premier ef fet a

6t6 Atudif! par Kelly et Virkwar (1981) et
7 Lathuiliere et Brekke (1985).

w L'augmentation de Ti a pour effet
> -30 F s le hangement du taux de Is r4a t Ion

-40 chimique qui fait diminuer is pourcenta-

11 12 13 14 ge d'ione l~gers au dessus de 180 km.
UNIVERSAL TIME (O++N 2  -) N0++N = N0+se -4 N+0 )

Cet effet eat visible eur lea deux pro-

f ila de is compos it ion i onique . La t er-
p~rature Alectronique augments de 500 K *

Figure 1 :Ne,TeTi,vi mesuris A Kiruna, ceci 4tant due en partie au fait qu'i
Sodsnkyla et Tromsk5 le 30/11/1982. Anergie d'entrge dane la haute ionosph6- .

La vitesse perpendiculaire eat approxima- re constants (Anergie solaire) la dimi-
tivement 6gale A cells mesur~e A Sodankyla. nution de Ne conduit A l'augmentation de ,..

Te.
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Figure 2 Ne, Te, Ti, p mesurlis avant et pendant la p~riode du chauffage Joule le 30
Novembre 19S2

K.Cet effet donnerait une augmentation de 200 K. Pour expliquer laugmentation de 500
Knous pouvons penser A la pr~sence de pr4cipitations douces qui seraient en concurren-

* ce avec leffet Joule, en jonisant et chauffant les 6lectrons. En effet, Schunk et al
* (1975) montrent que pour un champ 4lectrique de 50 mV/in (du mime ordre de grandeur

que dans notre exemple), on obtient une diminution de la densit6 6lectronique au maximum
de la r4gion F d'un facteur 2.8 c'est-i-dire une diminution beaucoup plus importante que
celle que Von observe.

ELECTRON DENSITY M-3 b) Chauffage particulaire

400 trons pr~cipit~s se thermalisent en d~posant
leur 6nergie dans 1 ionosph~lre et 1 atmosph~re.
Le r~sultat de cette action est laugmentation .

lsprofile des param~tres mesur4&s pendant
deux p~riodes distinctes :la premi~re p~rio-
de correspond A un flux pr~cipit6 d'une tr~s

200 faible intensit6, et la deuxi~me A une inten-
* sification des pr~cipitations. Pendant Ia

premi~re p~riode la temp~rature du plasma

(T-i s 200 K A 100 km et 600 K A 140 km.
K(Ti) et1800 K(Te) i300 k.La densit6

11DECENP tRP13 6lectronique eat faible, de Vordre de 2.1011
012S el/in 3 aux maximums des r~gions E et F'. A 0130

* . TU a lieu une injection de particules dana
* . . atmosph4 re. La densit6 6lectronique augmen-

* . te d'une mani~re importante (5 A 10 fois)
* dans l~a basse ionosph~re (jusqu'i 300 kin). La

*..temp~rature ionique reste pratiquement
100 inchangle, ce qui indique l'absence d'effet

w Joule (champ 6lectrique < 10 mV/rn). Par con-
s tre I'augmentation de Te eat tr~s importante

t: (50 K A 120 km et 600 K A 300 kin).
'zo

La figure 4 montre l'6nergie c~d6e par
lea particules pr~cipit6es dana l~a r~gion E.
L'6nergie qui a 4t6 d~pos~e par ces particu-

Ic ____- ___-__-___-__-___- lea atteint 50 mW/in 2 
et 1 'nergie c~d~e auxAN'00' lectrons thermiques dana la r~gion F atteint

ELCT3AN~TEFRALESK6.10-2 mW/rn2  (Kofman et Wickwar 1984).

Figure 3 :N9, Te, Ti mesur~s avant et Ce d~p8t d'4nergie repr4sente une perturba-
* penant la periode de pr~cipitations le tion consid~rable de Vionosph~re et de
J..12/12/83. 1 atmosph~re.
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Figure 4 Chauffage particulaire calculg e e dh nesurg le 12/12/83 et le 3/03/84. *

L'effet des pr~cipitations d'4lectrons Sur la composition d4pend de leur 4nergie.
* Pour les Alectrons d'4nergie moyenne grande ( '>400 eV), d~posant leur 6nergie essen-
* ~tiellement dans la r~gion E, leffet consiste dans la diminution de 0+ pour les altitu- ,.

des entre 140 et 300 km. Ceci signifie que laltitude de la r~gion de transition entre 0+ .

et NO+ augmente. Ceci ressemble aux changements dus A leffet Joule. Les raisons peuvent
itre multiples, mais nous pensons que le changement de l'atmosph~lre neutre dG au .
chauffage en est responsable. La figure 5 Montre une augmentation de laltitude de tran-
sition par rapport au mod~le pour Ie 12 D~cembre 1983. Nous avons moyenn6 les r~sultats

de mesures Sur toute la nuit. L'dnergie dA-
pos~e par les 4lectrons 4 tait tr~s i4lev~e
pendant toute la nuit (figure 4) ce qui r6-
suite dans le r~chauffement de l'atmosph~re .

neutre. ~

Sur la figure 6 nous montrons la varia-

300 -tion de la r~gion de transition pour une au-
tre journ4e. on peut voir une bonne
corr~lation entre Vaugmentation de la r6-%
gion de transition et le chauffage parti- -

Z 5 culaire (Lathuillere et Brekke 1985).

wLes particules d'6nergie faible .~ .

*20 W 400 eV) se d4posent essentiellement dans8 200la r~gion F. Leur influence Sur Ia composi-
~ tion est directe car le temps de vie des

* 4 ions 0+ cr66s est long dans cette r~gion ce
Iso qui induit une augmentation du pourcentage ..

de ces ions.

1ion La figure 7 montre le pourcentage des
0 5 1ions0+ en fonction du temps universel, con-

COtPOSITION CtNE parA aux densit~s 6lectroniques mesur~es Sur
plusieurs altitudes Is 9 Mai 1982. On peut
voir une bonne corr~lation entre laugmenta-

* tion de la densit6 et de labondance des
ions 0+.

5:Mod~le de composition ionique0
* ~ MuTIT normalement dans lanalyse (ligne

continue) et les mesures du 12/12/83. . af

Le dernier effet des d4pt~ts d'4nergie que nous voulons montrer est is changement de
*la fr4quence de collision ion-nsutre. Sur la figure 4, nous montrons le chauffage parti-

culaire du 12 D~cembre 1983 et du 3 Mars 1984. On psut voir que la quantit6 d'6nergie '

d~pos~e pendant la nuit du mois de d~cembre est beaucoup plus importante qu'au mois de ~'
Mars.

Sur la figure 8, nous montrons la fr~quence de collision ion-neutre (densit6 neutre)
mesur~e pendant ces deux nuits. On psut voir que la pents de la densit4 neutre du 12 04- **
cembre est supgrieure A cells du 3 Mars, ce qui est corr6l4 avec l'augmentation de la
temp4rature neutre mesur4e. Etant donn6 que lensoleillement au mois de Mars est plus
important, on pourrait s'attendre A l'effet inverse. Ceci montre clairement linfluence

* du chauffage particulaire Sur l'atmosph~re neutre locals.
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Figure 8 La densit6 et la temp~rature des neutres mesur~ea le 12 D~cembre 1983 et le 3 "'f"

Mars 1984

* CONCLUSION~

Dans las exemples pr~c~dents nous avons montr6 les effets locaux des chauffages Jou-
lseat particulaire sur 1'atmosph~re neutre et ionis~e les reactions sont en effat dif-
f~rentes selon la nature et l'altituda du d~p8t d'4nergie.

L'obsarvation simultan~e de l'ionosph~ra et de l'atmosph~re nautre n'a At6 possible
que dans Is cas du 12 D~cembre 1983 mais la gkn~ralisation des mesures "multipulse" di's
fin 1983, davrait nous fournir d'autres occasions d'6tude du couplaga de la bassa ther- .-

* mosph4re et de l'ionosphAre aurorale. Pour ces 4tudes, nous avons jusqu'i maintanant -'"*

* choisi de travailler avec un mode da fonctionnamant oia lantanna de Tromsd resta fixa le
long du champ magn~tique terrastre, ceci pour daux raisons -- premiarement la dif-
ficult6 de l'obtention des param4tres de composition p et da fr~quences de collisions

* ~in, qui impose un tamps d'int~gration suffisamment long, -dauxi~mament, la grande '.-*-

variation temporalla des d~p~ts d'6nargie qui impose una bonne r~solution tamporelle.
Pourtant il semble indispensable d'obtenir une description latitudinala des d~p6ts

* ~d'6nergia si V'on vaut faire una comparaison correcta avec les modglas num~riques ;caci --.

sera possible avec una meillaure utilisation multifr~quences du syst~me UHF et simulta- .*

n~ment l'utilisation du syst~me VHF. De plus les mesuras optiquas permettant
* d'obtanir lee temp~ratures et vents nautras en r~gion E, et las mesures satellite de *

* spectres d'6lactrons pr~cipit~s, sont des compl~mants indispensables a une tella 6tude.
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DISCUSSION

N.C.Gerson, US
It should be recognized that large depositions of energy into the 80-150 km altitude region occur by (A) Joule heating
and (B) particle in.jection. This energy input ultimately is transferred to the neutral atmosphere which is then heated. AI
Heating then causes (A) thermal winds and (B) atmospheric expansion. In essence the energy deposited regenerates
into the kinetic energy of motion. The winds in this altitude region must, of course, be subject to Coriolis and other .
forces. (At higher altitudes the magnetic field (V X B) forces become more dominant.) The atmospheric expansion
would produce a decrease in electron density. Have these horizontal winds, arising from Joule heating and particle
injection been observed?

Author's Reply
In this experiment we measure ion velocity along field lines at 300 km; we do not measure neutral velocity. We probably - • -

do have strong winds.

E.V.Thrane, NO
You have shown changes in the neutral temperature due to auroral disturbances. Have you considered the possibility of
detecting waves in the neutral air due to strong heating by particles and currents?

Author's Reply
Not for the data which I showed here, but I think that it is possible to do.

%..-

--S'.o -.
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SABRE RADAR OBSERVATIONS IN THE AURORAL IONOSPHERE

T B Jones, J A Waldock, E C Thomas, C P Stewart and T R Robinson

Department of Physics

Leicester University, University Road, Leicester, LEl 7RH

SABRE (Sweden And Britain Radar aurora Experiment) has been in full operation sinceMarch 1982 and over 15000 hours of single station backscatter amplitude data and 1500

hours of two-station electric field data have now been collected. These data have been
used to investigate both geophysical phenomena of the high latitude ionosphere and the
plasma physics of the metre scale scattering irregularities. The former include
geomagnetic micropulsations, plasma convection, strong shear flows associated with the
convection reversals and possible measurements of the polar cap flows during disturbed
conditions. The latter include the statistics of occurrence of the plasma irregularities
responsible for the backscatter and investigation of the dependence of the backscatter
amplitude on the angle between the radar wave vector and the magnetic field (aspect
angle). The strongest backscatter is invariably associated with the main electrojets
between 13-19 and 23-03 UT, and only weak backscatter is found near the convection
reversals. The aspect angle attenuation rate can take any value between 0 and 10 dB per
degree depending on the absolute intensity measured. Average convection patterns are .. -
presented which reveal a well-defined 2 cell structure under all geomagnetic conditions.
As magnetic activity increases however, the evening discontinuity moves towards earlier
local times, the flow speed increases and the morning convection cell expands relative
to the evening cell.

The position and intensity of the backscattering irregularities is important in assessing
the performance of communications and surveillance systems operating in both the HF and .' .
VHF frequency bands at these latitudes. '-\. ..

%
1 INTRODUCTION ... ,

Auroral backscatter of VHF and UHF radio waves, or radar aurora, is produced by non-
thermal electron density irregularities which can be generated in the auroral ionospheric
E-layer by the two-stream (e.g. Farley, 1963) and the gradient-drift (e.g. Rogister and
d'Angelo, 1970) plasma instabilities. If the relative electron-ion drift velocity is
less than the ion acoustic speed, only the gradient drift mechanism can drive the plasma
into an unstable state, however if the relative electron-ion velocity is greater than the
ion acoustic speed the plasma is also unstable to the two-stream process (e.g. Fejer and
Kelley, 1980). In either case, linear theory predicts that in the ion rest frame the
most unstable irregularities will propagate with a velocity approximately equal to that
of the electrons. Once these primary irregularities are produced, nonlinear processes
will result in secondary waves propagating in all directions in the plane perpendicular
to the magnetic field (Sudan et al., 1973), convecting with the velocity of the primary
irregularities (Greenwald and Ecklund, 1975).

The current generation of bi-static auroral radars include the Scandinavian Twin-Auroral
Radar Experiment (STARE, Greenwald et al., 1978), the Sweden And Britain Radar aurora

-* Experiment (SABRE, Nielsen et al., 1983) and the Bistatic Auroral Radar System (BARS,
McNamara et al., 1983). These radar systems are capable of measuring the backscatter
intensity and Doppler velocity of E-region plasma irregularities from two directions over
a large area, with high spatial and temporal resolution. The SABRE system came into
operbtion during 1981 although full bi-static operation was not achieved until April 1982.
The location and field of view of the SABRE system are illustrated in Figure 1. The two
radars are located at Wick in Scotland and at Uppsala in Sweden, and are operated by
Leicester University, UK, and by the Max-Planck Institut fur Aeronomie, Lindau, FRG, "" "

respectively. The common viewing area extends from approximately 0 to 100 E, and from
640 to 680 N geographic, a total area of approximately 400,000 km 2 .

Each radar employs a relatively broad beam transmitting antenna and a narrow beam

receiving antenna. A 50 kW peak pulsed power transmitter feeds the transmitting antenna,
which comprises two vertical stacks of four eight-element Yagi antennas resulting in a
forward gain of 23 dB giving an ERP in excess of 1 MW. The 250 half power beamwidth of
the antenna 'illuminates' the whole of the observing volume. The receiving array
consists of 64 eight element Yagi antennas arranged in 16 vertical stacks, and has a gain
of 28 dB and collecting area of 360 m2 . Signals from the antennas on each vertical stack
are combined and amplified by a low-noise pre-amplifier, with 30 dB gain, located on the
mast supporting the stack.

The output of the pre-amplifiers is connected to a 16 port Butler matrix, which is a
passive phasing network providing the necessary combinations of phase shifts to form 16
antenna lobes in the horizontal plane. Each lobe has a half power beamwidth of 3.20 and
the lobe separation is 3.60. This arrangement allows the radar to look in 16 different
directions sibultaneously although since the outer beams suffer from poor sidelobe
isolation only the eight central bedms are employed. The backscatter power and Doppler
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velocity are measured at 50 ranges within each of these eight beams simultaneously, every
20 seconds. The data are stored on magnetic tape, and in the case of the Wick system,
are automatically transmitted to Leicester overnight via a telephone link. Further
technical details of the radar system may be found in Greenwald et al., 1978.

In this study, we report results of a statistical analysis of approximately 15000 hours of
backscatter data from the radar at Wick. We also report results of a statistical study
of the plasma convection pattern in the auroral E-region, using approximately 1500 hours
of two station measurements. An example of shear flows possibly associated with the
polar cap boundary are also presented.

2 AURORAL BACKSCATTER

Several factors govern the amplitude of the auroral backscatter and their relative
importance has been the subject of some considerable investigation (e.g. Haldoupis et al.,
1982; Uspensky et al., 1983; Starkov et al., 1983; Haldoupis and Nielsen, 1984).
Comparisons of radar backscatter and ground magnetometer measurements indicate that to
within the spatial resolution of the data, radar auroral irregularities are co-located
with the auroral electrojet currents (e.g. Greenwald et al, 1975). It appeared that from "-
a knowledge of the amplitude and mean Doppler shift of backscatter from the auroral 4 .

irregularities, the location, direction and intensity of these currents could be deter- '.. '
mined. Recent studies, however, indicate that many factors are involved in determining
the characteristics of the radar returns. For backscatter in a plane perpendicular to
the magnetic field, the received power is given by the radar equation (Farley et al.,
1981)

P = g (P n n rcTX G G )/(4(4,)3 R3 )
r r t tr r rt

where P (P ) is the received (transmitted) power, n is the loss in the antennas and
transmissi8n lines, G is the antenna gain, g is the receiver gain, c is the speed of
light, T is the pulse length, Ar is the radar wavelength, R is the slant range and a is
the absolute radar cross section. Most of the terms in this equation are constant for a
given radar; those that vary, such as the receiver gain and the range, are automatically
corrected for in the radar software. The residual variations present in the signal
strength are therefore due to variations in the backscatter cross section, given by

where N is the mean electron density in the scattering region, <(AN/N)2 > is the mean
square of the (small scale) relative electron density fluctuations with wavevectors 2k, .. '.

where k is the radar wave vector and F( ,O) is a function of the radar aspect angle 0 and
the flow angle 0. Since the auroral irregularitie6 are field-aligned, radar backscatter -..- %"
maximizes when 0, the angle between the radar propagation vector and the magnetic field
(i.e. the aspect angle), is 900. As the aspect angle deviates from the orthogonal
position, attenuations of between 2 and 10 dB/degree, with an average value of approx-
imately 7.5 dB/degree, have been reported (Leadabrand et al., 1967; McDiarmid, 1972;
Ecklund et al., 1975; Uspensky et al., 1983). Experimental evidence (e.g. McDiarmid,
1972; Koehler et al., 1985 ) indicates that 50 MHz radars are less subject to
aspect sensitivity than those operating at higher frequencies, such as SABRE and STARE
(^140 MHz). This is possibly because the plasma cross section is several orders of
magnitude greater at the lower frequencies. The backscatter intensity also depends on *. . -,
the flow angle 0 between the radar propagation vector and the electron drift direction
(e.g. Andre, 1983). Little variation of amplitude with flow angle is observed for low
electron drift speeds, in accordance with theoretical predictions for gradient-drift
driven waves, but for flow speeds greater than the ion acoustic speed stronger back-
scatter is observed when the electron flow is parallel (or anti-parallel) to the radar "-.
wave vector.

3 THE SABRE DATA SET

A standard data block for one radar station consists of intensity and Doppler velocity
data from each of 400 locations (8 beams, 50 ranges). At 1600 bpi, approximately 3 days
of data can then be stored on a 2400-foot tape. For the purposes of statistical analysis %
two forms of average have been employed. The first retains only data within a 'strip'
3 degrees wide in longitude, spanning the complete latitude range in 29 steps of
0.2 degrees, and averaging over 15 minutes in time. The second retains data averaged
over a central 'cell' approximately 100 km x 100 km in dimension, with an integration
time of 1 minute. By this means it is possible to store a summary of the whole data set
on a fraction of one magnetic tape. This procedure has been followed for both SABRE
radars and the resultant tapes have then been 'merged' to provide a convenient summary of
the derived convection velocities. These statistics tapes have, in addition, provided an
invaluable 'quick-look' facility, enabling the data available for a given interval to be
displayed in a matter of a few minutes.

4 BACKSCATTER STATISTICS

The relative frequency (in percent) of backscatter with a S/N ratio greater than 3 dB as
a function of local time is illustrated in Figures 2 and 3, for different levels of
magnetic activity (Kp indices from Solar Geophysical Data, NOAA, Boulder). A strong
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diurnal variation exists, with backscatter occurring predominantly during the local timeswhen strong electrojet currents are usually present in the auroral E-region. As magnetic
activity increases the frequency of occurrence of backscatter increases, but during the

4- local time of the morning reversal this only becomes significant under the most active
conditions.

These results are summarized in Figure 4 where the average backscatter signal intensity
is plotted as a function of Kp. The lower panel indicates the number of 15 minute data
blocks available for each Kp value. There is an obvious trend towards higher intensities *l. I,

at higher levels of magnetic activity, even though there are far fewer points for high
Kp. There is an apparent threshold for production of lm irregularities at around Kp=2-.
There is no evidence for a saturation effect at high values of Kp; the rate of increase F
of backscatter intensity with Kp is approximately constant above Kp=2.

Contours of backscatter intensity as a function of geomagnetic latitude and local time,
averaged over all conditions, are illustrated in Figure 5. Strongest backscatter occurs
between 13:00-19:00 UT and 22.00-04:00 UT, with a peak at around 16:00 UT. Virtually no .( . .
backscatter is observed during the morning sector, when the average position of the .
auroral oval is furthest from the SABRE field of view. The morning convection reversal,
or cusp, is normally located at invariant latitudes of between 72-750 (e.g. Meng, 1983)
and only penetrates equatorwards to the latitudes observed by the SABRE under the most
active conditions. A significant reduction inthe mean backscatter amplitude is also
observed within the Harang discontinuity. Amm.

Since the centre of the auroral electrojet current system is usually situated polewards
of the SABRE viewing area, an attenuation of the mean backscatter intensity with de-
creasing latitude would be expected. This is certainly the case equatorwards of.7.-.
approximately 650N, however, an attenuation is also evident polewards of this latitude.
The data are pre-corrected for range and instrumental effects, therefore this phenomenon
must be caused by either aspect angle or flow angle variations.

To highlight the aspect angle dependence of the backscatter amplitudes, the data can be
corrected for flow angle variations in the following way. For each local time/latitude
interval of Figure 5, the corresponding flow velocity was obtained from the mean flow
statistics (e.g. Figure 10) and the flow angle e calculated. Linear theory predicts that "-
within a 'cone' of aperture T relative to the electron drift direction, where

= cos-(Cs/IVe I),

the plasma is unstable to the two-stream instability. For flow angles 0 < T the back-
scatter intensity is attenuated at a rate of between 0.3 and 0.6 dB per degree away from
the direction of the electron drift (Haldoupis and Nielsen, 1984). Accordingly, a figure
of 0.45 dB per degree has been used in the present analysis. For flow angles 0 > T, and
for all flow angles when Vel < Cs, it is assumed that to a first approximation no
variation of backscatter intensity with 0 exists. This is consistent with theoretical
predictions for waves produced by the gradient drift mechanism (e.g. Andre, 1983). The
three possible cases to be dealt with are illustrated schematically in Figure 6. By .
using the above scheme, together with a value of 350 ms-1 for the ion-acoustic speed CS, •-'
the data presented in Figure 5 have been corrected for flow angle dependence and any
residual variations are purely due to aspect angle losses.

Figure 7 illustrates the deviation of the aspect angle from 900 for Wick, calculated from
the IGRF 1980 field model, for the geographic locations used in the statistical analysis.
Within the longitude interval chosen, the aspect angle varies between 0.25 and 1.75
degrees, although elsewhere within the viewing area of the Wick radar, it reaches over
4 degrees. It should be emphasised, therefore, that the results to follow refer to a
limited range of aspect angles near perfect perpendicularity.

It is immediately evident from Figure 5 that the backscatter amplitude exhibits a maximum
at 65°N, where the radar wave vector is most nearly perpendicular to the magnetic field
(Figure 7). In an attempt to estimate the mean aspect angle attenuation observed by
SABRE, the data in Figures 5 and 7 were combined as follows. For each 15 minute latitud-
inal strip of average intensities used in Figure 5 the backscatter amplitude was plotted ..

against aspect angle. The relationship between these quantities was in each case almost
linear, and could therefore be accurately represented by a least-square straight line, ./,I. '

the gradient of which provides an estimate of the aspect angle loss in dB per degree.
The result of this procedure has been plotted in Figure 8, illustrating the aspect angle
loss as a function of local time.

A feature of Figure 8 is the variation of the apparent attenuation with time. For a radar
at 50 MHz, results of a similar anlysis by Koehler et al. (1985) exhibit a much smaller
variation, although the data cover a shorter period (30 hours distributed over approx-
imately three weeks). For the present data set, comparison with Figure 5 suggests that
the measured aspect angle loss is strongly dependent on the peak backscattered intensity
at that time. This may be expected, since when the backscatter amplitude is low through-
out the whole latitude range, such as during the morning hours, it would be impossible to
measure a large aspect angle loss. During the afternoon sector, however, the intensities
are much larger and the likelihood of measuring a greater amplitude difference between
the centre and the edge of the viewing area is increased. To confirm this correlation,
the aspect angle loss measured at each time has been plotted against the maximum
intensity observed at that time in Figure 9. To obtain a larger spread of peak
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amplitudes, this figure is a composite of the results from three separate analyses, for
low, medium and high values of Kp. It is evident that the average value of the observed
aspect angle attenuation varies between 0 and 10 dB/degree, and is closely governed by
the absolute amplitude of the backscatter signal strength. This result may explain the
large discrepancies between previously reported values of the aspect angle attenuation,
since these studies did not include a sufficiently broad range of geophysical conditions.
This conclusion has also been reached by Koehler et al. (1985) who comment that aspect
angle sensitivity can be very variable and sometimes non-existent for 50 MHz echoes. The
present observations at 140 MHz are in agreement with. this result and suggest that it is
not possible to determine a unique aspect angle attenuation rate for backscatter from Im
plasma irregularities in the auroral E-region.

5 MEAN PLASMA CONVECTION PATTERNS

The most important factor governing the morphology and properties of the Earth's magneto-
sphere and its plasma populations is the convection of flux tubes and associated plasma
driven by the solar wind. The magnetospheric electric fields associated with this
convective flow map along approximately equipotential field lines driving a two-cell
pattern of plasma circulation at high latitudes inthe ionosphere (e.g. Heppner, 1977;
Foster et al., 1981; Heelis, 1982). The main features of this convection pattern are...
(1) the strong flow near dawn and dusk corresponding to the westward and eastward
electrojet currents respectively and (2) the reversals near magnetic noon and midnight.
The morning discontinuity is located in the region of the magnetospheric cleft, where
the geomagnetic field line configuration allows magnetosheath particles to penetrate
directly to ionospheric altitudes. This is therefore an extremely dynamic region and an
example of the flow pattern measured by SABRE in the vicinity of the morning reversal has -

recently been reported (Waldock et al., 1984). Observation and theory suggest that the ,
relative shape and size of the convection cells vary considerably both with magnetic
activity and with the orientation of the interplanetary magnetic field (IMF) (Scourfield
and Nielsen, 1981; Zi and Nielsen, 1982; Heelis, 1982). In particular, several days
of STARE observations indicate that as magnetic activity increases the electric field
magnitude increases and the average location of the field maximum moves equatorwards.
In addition, the morning cell expands and the whole convection cell rotates towards
earlier local times (Zi and Nielsen, 1982).

The causes of magnetospheric convection have been discussed in terms of two main theories,
one in which closed magnetospheric flux tubes are transported from the dayside to the
nightside in a boundary layer around the flanks of the magnetosphere by a 'viscous-like'
process on the magnetopause (Axford and Hines, 1961), and the other in which open flux
tubes are transported over the poles of the Earth after reconnection with the IMF at the .,

dayside magnetopause (Dungey, 1961). It has also been suggested that these processes
may coexist, with the 'viscous' process contributing a small but sometimes significant
10-30 kV to the typical cross-magnetosphere potential of between 40 and 100 kV (Cowley,1982).

Averaged measurements of the plasma convection pattern have been previously reported,
based on incoherent scatter radar observations (Foster et al., 1981; Oliver et al.,
1983; Foster, 1983). A unique advantage of so-called 'coherent' radar systems, such as
STARE and SABRE, is their high spatial and temporal resolution, typically 20 km x 20 km
and 20s compared to several hundreds of km and 30 minutes for incoherent scatter radars. 4

Furthermore, SABRE and STARE can operate unattended for extended periods and hence a .
much larger data set can be collected. There are, however, several disadvantages with
the SABRE/STARE technique. Firstly, plasma irregularities must be present within the _
scattering volume to produce backscatter. Thus, no measurements are possible during
'quiet' times, when the electric field is below the threshold of about 15-20 mV/m
necessary to excite the appropriate instabilities. Secondly, the inference of the
electron drift velocity from the measured irregularity drift involves assumptions which
may not be applicable under all conditions and are currently the subject of further
investigation (Nielsen and Schlegel, 1983). Comparison with results from the European
Incoherent SCATter facility (EISCAT) indicates that STARE (and hence SABRE) progress-
ively underestimate the higher drift speeds (above about 600 m/sec), although the flow
directions are accurate (Nielsen and Schlegel, 1983).

Figure 10 illustrates the plasma convection pattern observed by SABRE, averaged over all
conditions. The data are presented as a function of geomagnetic latitude and universal . .-.
time (MLT - UT + 1.5 hrs approximately)averaged over three degrees of longitude. The % . .... _
magnitude and direction of the convection flow are represented by the length and '
direction of the vector plotted at each grid point, with north towards the top of the
figure. The main features of the convection pattern are readily identified from this
figure. Strong electrojets are present involving sunward convection in the dawn and
dusk sectors, and the morning and evening discontinuities are evident, located at around .
09:00 UT and 21:00 UT respectively. These data reveal that the two-cell structure is,
on average, an ever-present feature of high latitude convection, and are entirely in
agreement with previous F-region incoherent scatter measurements (e.g Oliver et al.,
1983).

To investigate the variation of the plasma convection pattern with magnetic activity,
the average convection velocities at 640N were grouped according to Kp and universal
time. The results of this analysis are plotted in the same format as Figure 10, but with * ..
the ordinate representing Kp instead of latitude (Figure 11). Gaps in the data are
either due to an absence of backscatter (for low Kp) or to non-occurrence of those
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values of Kp. The most striking feature of this figure is the shift to earlier local
times of the Harang discontinuity with increasing activity, from about 21:30 UT at Kp=2
to about 19-:00 UT at Kp-6. This is consistent with the STARE results, but is in contra-
diction to the F-region convection measurements from the Millstone Hill incoherent
scatter facility (Oliver et al., 1983). At the highest values of Kp, the flows become
irregular. This is to be expected, particularly since only a few days of data are
available for inclusion in the averaging process. The flows in the vicinity of the
morning reversal are weak under all but the most active conditions. It is therefore
difficult to assess the variation in the relative size of the two convection cells with
Kp, however it does appear that the afternoon cell shrinks and the morning cell expands
as Kp increases. It should be emphasized that interpretation of data from one radar : .

location is difficult. It is uncertain, for example, whether the shift of the Harang
discontinuity to earlier times with increasing activity results from a bulk rotation of J%

the whole convection pattern, a displacement of the pattern with respect to the pole or
to enhanced asymmetry of the morning and evening cells. A number of radar facilities
now exist around the northern hemisphere and collaborative efforts to simultaneously
measure the plasma convection pattern should be made to resolve this ambiguity. Future
work should also resolve whether the apparent rotation of the convection cells with
increasing Kp is a repeatable function of strong magnetosphere-IMF coupling or a
transient effect associated with enhanced ionospheric currents and conductivity during
substorms.

6 SHEAR FLOWS

Many examples of strong shear flows have been observed by the SABRE. These often occur
under magnetically disturbed conditions and correspond to regions in which there exists " % .- °
non-zero divergence of the horizontal currents, and hence significant field-aligned
currents. It is often difficult to relate features of the flow pattern observed by
SABRE to specific events or phenomena taking place in the magnetosphere, however a %
notable exception took place on 4 September 1984 during a large magnetic field reconnec-
tion event on the dayside magnetopause. Magnetic field data from the AMPTE (Active
Magnetosphere Particle Tracer Explorer) UKS (United Kingdom Sub-satellite) spacecraft *. -.
between 13:45 and 14:45 UT are illustrated in Figure 12. During this interval the
spacecraft was inbound near the equatorial magnetopause. The IMF had turned southwards
at 13:50 UT and remained so until 14:42 UT when strong reconnection began to occur.
During this interval two flux-transfer-events (FTE's) occurred, at 14:14 and 14:32 UT
(e.g. Russell and Elphic, 1979). The reconnection lasted for more than an hour, during
which time the magnetopause 'followed' the spacecraft inwards. Particle measurements
(not shown) indicate that this was due to a greatly enhanced solar wind pressure.
Figure 13 illustrates the SABRE flow velocities for this interval. Near the time at
which reconnection began on the magnetopause the flow in the ionosphere turned sharply
southwards, with a sudden recovery of the ambient westward flow (characteristic of the
normal afternoon eastward electrojet) at 15:17 UT. Figure 13 illustrates the ionospheric ,-

flow velocities as a function of both latitude and longitude averaged over 20s. During
the period of southward flow perturbation (e.g. at 15:14 UT) a strong latitudinal shear %
in the horizontal drift speed is observed. Reconnection taking place on the afternoon
magnetopause (in the Northern hemisphere) would result in field line contraction, and
hence plasma flow, in a North-easterly direction. Even combined with the ambient ,*

magnetosheath flow (which is in a direction away from the sub-solar point) it is unlikely
Lhat this could result directly in a southward flow perturbation when mapped down to .*.
ionospheric altitudes. More likely the reconnection taking place on the dayside is
widespread, and has resulted in the removal of dayside high latitude open field lines .
without any corresponding replacement (via convection) from the nightside. The effect %
of this would be to move all plasma and electrojet boundaries equatorwards (e.g. Meng,
1983) and the flow pattern seen by SABRE could therefore be due to flows observed at the
polar cap boundary, where the westward afternoon convection flow meets the anti-sunward
polar cap flow. If so, this is the first direct evidence of the occurrence of these
flows at latitudes as low as 63ON geomagnetic.

% 7 SUMMARY

Results of more than two years of observations of E-region auroral backscatter and plasma
convection from the SABRE have been presented. Backscatter from lm wavelength plasma
irregularities (radar aurora) occurs most frequently during the afternoon (13:00 -
19:00 UT) and the morning (23:00 - 03:00 UT) sectors. Backscatter is weak near the r
Harang discontinuity, and is only present in the vicinity of the morning reversal under
extremely active conditions (Kp > 6). The aspect angle dependence of backscatter
amplitude is, on average, between 0 and 10 dB/degree; the value at any given time is
governed by the absolute backscatter amplitude observed.

The average convection pattern measured by SABRE exhibits a well defined two cell
structure under all conditions. The Harang discontinuity exhibits a strong local time
dependence on magnetic activity, moving to earlier times as Kp increases. The morning ,-
convection cell also appears to expand relative to the evening cell with increasing
magnetic activity.

Measurements made jointly by SABRE and AMPTE during a strong reconnection event suggest
that it may be possible under extreme circumstances for the polar cap to penetrate to
latitudes of 62-65°N geomagnetic during the afternoon sector.
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These results are of significance to all radio systems operating at high latitudes. The
time and spatial variations of the auroral zone scattering regions are of particular
relevance to HF and VHF communications and surveillance systems operating at these high
latitudes.
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DISCUSSION

R.Greenwald, US
I find it difficult to accept your result that the irregularity aspect angle sengititvity is dependent on the strength of the
backscattered signal. This implies that weakly-excited irregularities are less aspect sensitive than strongly excited
irregularities -"hich is opposite from what one would expect from theory.

I believe that your results demonstrate very well that these irregularities can extend to what are commonly thought of as
plasmapause latitudes. Do you have any comments on this point?

Author's Reply
Our results seem to confirm that the aspect angle sensitivity is indeed dependent on backscatter amplitude. The results
presented in the paper have been corrected for flow angle variations and the validity of the technique adopted for the %
correction could be questioned, although it is the same as used by several other authors. As emphasized in the
presentation a large aspect angle dependence (say 10 dB/degree) is impossible during times of low backscatter %
amplitude since such a large factor would completely attenuate all signals not exactly satisfying the exact orthogonality
criteria. We have not examined our results on a day-to-day basis and we intend to do this in future. Our average values .- . .
Jearly demonstrate an increase in aspect angle attenuation with the backscatter amplitude. We have as yet not
investigated the theory of the processes responsible for this. The SABRE radar frequently shows saturation in the
closest range gate ( -420 kin) which suggests that the backscattering region could be present at latitudes well to the *" p-
south of our stations.

N.C.Gerson, US
Are we rediscovering the fact that the communicators discovered 30-40 years ago? They found so much outage and .
disturbance on radio paths from eastern north America to western Europe that they sought corrective action: circuits
for HF were established from eastern US south to Brazil, west to Africa and north to Europe.

Author's Reply
We are certainly seeing the same phenomena as was reported years ago, particularly by amateurs using the 2 metre
band. However with modern radars we are able to accurately locate the position of the scatterers and to determine their
drift-velocity. We are also able to measure the Doppler velocity of the ion/acoustic waves creating the irregularities and
hence to determine the electric flow vector and hence the electric field in the E-region.

G.Sales, US .
Addressing the question of the high correlation between backscatter power and aspect sensitivity. I believe we are
looking at two different phenomena. The weak backscatter and low aspect sensitivity are primarily a daytime effect
while the strong backscatter/high aspect sensitivity occurs at nighttime.

Author's Reply .
I agree with this comment. We have not tried to differentiate between day and night time data. However, all the points ,
appear to lie on the straight line plot of figure 9. , "

A.Rodger, UK
(i) From your SABRE data, could you give an indication of the size of the ionospheric projection of the flux transfer .. '.
event? (2) It appears from your figure 5, that the maximum backscatter intensity occurs at slightly different latitudes in . . .--

*- the morning and evening convection cells indicting that the height of the scattering regions is different. Is this difference "
." in latitude consistent with the differences in the height of the eastward and westward electrojets?

Author's Reply
(1) The size of the disturbance is greater than our field of view. We have not yet examined the STARE data to see if this
radar also observed the same event. (2) The occurrence of the maximum in backscatter intensity at slightly different
latitudes does not necessarily result from the small difference in heights of the Eastward and Westward electrojet flows.
This could be a contributory factor but I doubt that it could account for the magnitude of the effects we observe. N

:::::. .:..:..
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SUMMARY OF SESSION VIII

Measurement Techniques/Models/Morphology and Physics

by

Dr E.Thrane
Session Chairman

A total of five presentations were given in this session.

As suggested by the session title a variety of subjects were discussed. The first paper by Taagholt gave an overview of
geophysical measurements in the Greenland area, emphasizing the importance of this area for Arctic radio propagation and ",

giving examples of the very considerable activity initiated by Danish and US agencies.

.4 Modelling of the Arctic propagation medium was addressed in two papers by Watkins and Hargreaves. The two . -
* authors had very different approaches: Watkins described a three dimensional ionospheric model based on physical ,_

processes governing solar-terrestrial interactions, whereas Hargreaves presented a statistical model for ionospheric
absorption based on riometer measurements at Arctic stations. Both papers stimulated active discussions on the merits and
limitations of the methods.

Lee described an interesting study of the physical mechanisms responsible for the generation of high latitude
ionospheric irregularities. Progress is being made in this field, which is of great importance for radio systems in high latitudes. - -

The final paper in the session dealt with phenomena in the mesosphere. Dr Widdel presented new results from tracking
of chaff clouds. These measurements provide new insight into the dynamical processes in the non-ionized air in the lower
ionosphere. These processes are of importance for the understanding of the cout~ling between the ionized and neutral
species.

--- * . .'
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Danish and US Geophysical Measurements in Greenland and

Surrounding Areas Related to Arctic Radiopropagation

Jorgen Taagholt
Danish Scientific Liaison Officer for
Greenland, Universitetskomplekset,
Oster Voldgade 10, 1350 Copenhagen K.

SUMMARY

Greenland and its surrounding waters cover a stratetic, important area, in which the
radio propagation conditions are influenced by a variety of geophysical phenomena.

During World War II,the US established ionospheric measurements in Greenland and later,
the Ionosphere Laboratory of the Technical University of Denmark took over and increased . -

the activity which today count a number of geophysical observatories, ranging from the
auroral zone to the geomagnetic pole, just north of Thule. , w

The geophysical measuring program includes 4 ionospheric vertical sounders, which are .'.'j'
operated in cooperation with NOAA, HF oblique backscatter equipment, 23 riometers at 18
different locations, 14 magnetometers, 9 auroral all sky cameraes, from which most of the %,' ., .
data are stored in digital form ready for distribution to operational or scientific
users. Such geophysical data are among other data used in radiopropagation forecast, and
some results of investigations of forecast and practical operation statistics are presen-
ted in this paper.

Additional to the routine geophysical measurements, special research installations so as
the Incoherent Scatter Radar Facilities at Sondre Str~mfjord, the rocket launch facili-
ties at Thule AB and Sondre Stromfjord are used for special investigations. Besides the
geophysical program, a serie of radio propagation experiments have been conducted by
US and/or Denmark during the past decades, including VLF propagation experiments, HF
oblique soundings, UHF propagation experiments, investigations of UHF SHF satellite com-
munication under low and very low horizontal angels. Experiences from operational satel-
lite communication systems in Greenland are presented. Since 1983, Denmark has been in-
volved in investigations related to communication and position determination of distress
signals via the SARSAT-COSPAS system. Such investigations are performed primarily to in- %
vestigate search and rescue procedures but in addition the experience gained will provi-

" de a valuable background for future applications in relation to traffic surveillance in
the Greenland region.

INTRODUCTION

This paper is based upon information gathered during my more than 25 years involvement
in arctic ionospheric studies and maybe mainly based upon my near 20 years involvement
in US scientific research in Greenland in my capacity of Danish Scientific Liaison
Officer for Greenland. The presentation include some historical background, information
about the extensive Danish net and ground based geophysical measurements in the Arctic
and try to touch some of the projects conducted since World War II under influence
of the still changing demand for use of radiosystem in communication, navigation and
detection but additionally as tools for retrival of information on different geophysi-
cal phenomena such as meteorological or oceanographical parameters.

Radiosystems and propagation of radio waves are depending on several geoph'ical parame- .
ters, such as ground conductivity, man made and natural electromagnetic noise, atmosphe-
ric conditions including water vapor, rain, snow, dust, ionospheric -atenuation, -re-
flection, -refraction or -scientillation.

For planning and management of operational radiosystems, there is a need for information
and understanding of the variability and frequency depending of these parameters. Furt- .

her such dependencies can be used in the search for information on these parameters. Thus %

the vertical sounders are used to give information about the electron density profile,
the riometer about relative ionospheric opacity and the Faraday rotation measurements
about total electron content etc. etc.

HISTORICAL BACKGROUND FOR THE RESEARCH IN GREENLAND

The idea of starting radio propagation investigations in Greenland was first conceived
by the active and foresighted Danish professor P. 0. Pedersen who in his book "The Pro-
pagation of Radio Waves Along the Surface of the Earth and in the Atmosphere" (1927) -

presented the theory of the physical properties of the ionosphere based upon a know-
ledge of the propagation of radio waves at different frequencies.

During the Second Polar Year 1932-33 professor Pedersen wanted to build an ionosphere
station in Godhavn but it was not until 1951 that this wish was fulfilled by his assis-
tant and later successor, professor Jorgen Rybner. The year before, the National Bureau
of Standards of The U.S. Department of Commerce had established an ionosphere station
at the American Military Base, Bluie West One, in southern Greenland and in 1957 when
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the U.S. Armed Forces left what is now called Narsarsuaq, professor Rybner also under-
took the responsibility for this station in his capacity as Chairman of the Danish Na-
tional Committee of the International Radio Union (URSI). Since then, Denmark as well as
US has been very actively involved in ionosphere and radio propagation experiments in
Greenland.

It was soon realized that operation of the Greenlandic stations would only be feasible
if there was an active group in Copenhagen to analyze the ionosphere data obtained and
to train the station personnel before leaving for Greenland. To fill this need profes-
sor Rybner founded a laboratory at the Technical University based upon financial support
from local URSI funds. At the same time rapid technological development made it possible
to perform measurements in the ionosphere using instruments launched with rockets or
from satellites. Due to the resources at the new laboratory, professor Rybner in 1961
was able to accept a Norwegian proposal for a joint campaign with rocket launching from
AndOya in Lofoten, Norway, in co-operation with the National Areonautics and space Admi-
nistration (NASA). This project later formed the basis for a Greenlandic ionosphere roc- .'.

ket program.

Because of this and other developments in connection with the Danish "Space Research". -'..
program supported so far under the Danish URSI Committee, the laboratory was officially
established on April 1, 1962 under the Technical University of Denmark. -*.

Recordings of natural generated VLF noise had been made at Godhavn and Narsarsuaq for
some years when, in 1964, a "VLF-station" was established at the Danish site Thule/Qa-
naq, approximately 80 miles north of Thule Air Base. Financial support was given by the ,i...'
U.S. National Science Foundation (NSF) and locally by the U.S. Army Research Support --.
Group (USARSG). When in 1966 the American scientific camp situated approximately 16 .- '
miles east of Thule AB was closed down, the U.S. ionosphere station there was transfer-
red to the Danish station at Thule. An ionosonde was made available from the U.S.A. and .. -
a 150 sq.m. building was moved from the camp to the station by helicopter. The U.S. Na-
tional Government took over the financial responsibility.

In 1967 Denmark conducted the first Danish rocket-experiment from Thule Air Base suppor-
ted by U.S. Air Weather Service as an extension of the U.S. meteorological rocket pro- ,
gram. In this program the meteorological rocket payload has been modified in Denmark to
include sensors for measurement of proton flux and the proton energy distribution in the
range from 200 Rev to 20 MeV which include the major part of particles responsible for
Polar Cap Absorbtion Event (PCA) events. In 1971 Denmark built op its own rocket launch
facilities at Sondre Stromfjord. Assisted by the Danish Armed Forces 2 Nike-Apache with
barium release experiments were launched in August 1971. To support further rocket cam-
paigns a Danish Ionosphere Station was established at Sondre Stromfjord in 1973. Mainly
operated in connection with balloon or rocket campaigns and in 1983 the US ISR Interna- 4.
tional - with support from National Science Foundation - established an Incoherent Scat- %_
ter Radio facility at Sondre Stromfjord.

The Danish Geophycical Observatories, now operated by the Danish Meteorological Institu-
te under the Ministery for Transport, Communication and Public Works, are responsible
for a rather extensive program as shown in the map below.

DANISH OBSERVATORIES OR STATIONS 1984 Fig. 1 .
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VLF-PROGRANMES

In addition to the Danish VLF program mainly conducted in the 60ties (Stockflet J~rgen-
sen 1968a - 1968b) US scientific institutes today conduct especially in the Thule dis-
trict - several VLF propagation experiments, partly based upon receival of signals from
fixed VLF transmitters, partly based upon VLF soundings.

At present US Rome Air Develop Center conduct a VLF/LF ionosounder programme for determi-
nation of the caracteristics of the lower ionosphere. The transmitter is located at Thule
AB, radiating vertically polarized signals from a 130 meter vertical antenna. The recei-
ver and the data acquisition system is located at the Danish Geophysical observatory at ,.
Qanaq. Results from the experiment which show the diurnal variation of the reflection
height of the lower ionosphere is presented in Fig. 2. The period shown includes a short
Polar Cap Absorbtion Event, which occurred in February 1978.

Fig. 2
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But today, just before introduction of the advanced NAVSTAR satellite navigation system,
maybe too limited efforts are directed towards further investigations with respect to
other navigation systems such as OMEGA and LORAN. ,

VERTICAL SOUNDINGS

Vertical soundings are conducted at Narsarsuaq, S~ndre Str~mfjord, Godhavn and Qanaq/
Thule. Ionograms are scaled and every day hourly values are transmitted to forecastcen-
ters at Boulder, Colorado and Offut. Ionospheric data from a solar cyclus at Narsarsuaqand Godhavn covering a 15 year period (Olesen and Taagholt 1968) show the well--known fea-

ture that although the photoionization in the F-region should be rather limited during
the polar night, fairly high electrondensities are seen during the winter months. In
recent years the data handling at the stations are conducted by means of a microprocessor
giving an ideal basis for much more detailed daily transfers of geophysical data via geo-stationary satellite data collection system, and additionally by end of the month form the
basis for monthly summaries as shown in Fig. 3 ideal. for statistic analysis.
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*In a joint Danish!US co-operation this year the first digital sounder vil replace the old..-..-..Z
c4 sounder at Qanag. The diqisounder provides facilities for real time transfers of the
ionograms which again open possibilities for a central scaling of the ionoqrams exclu-"."".-.'
ding the effect of individual interpretation.

Just a few decades ago, H signals ormed the basis for near all Arctic communication,
and data from the arctic vertical sounders together ".ith other geophysical and solar.''"-I
data were used at the radio propagation forecast centers where the duty is to serve ."'''''
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the military and public HF communication network.

As part of the US-Danish co-operation, the Danish geophysical observatories have daily
transmitted hourly values of ionospheric parameters to Boulder and Offutt, and the US
forecast centers support Danish communication paths with HF forecasts. Based upon our
evaluation of this service J. Taagholt et al 1974 presented an investigation on the actu-
al HF radio propagation Greenland-Denmark, seen in relation to the HF propagation predic-
tions. The investigation shows that this path is very sensitive to ionospheric conditionsbecause it intersects the annual zone. During ionospheric absorbtion the communication

might be improved due to decrease in interferences, but increasing absorbtions may be so
high that radio communication is impossible (black out). Fig. 4 shows the condition du-
ring two weeks in spring and summer 1973 respectively. The regularity (commercial time)
for the path was about 65% during summer and only 50% during spring. Corresponding pe-
riods during sunspot max. years show regularities up to 85-90%. The main reason seems
to be the compressed MUF (Maximum Usable Frequency) - LUF (Lowest Usuable Frequency) gab
during sunspot min. years causing serious interference problems. Now just 10 years later
such regularities seems very historical. The public communication is today based upon an
advanced satellite communication system.

Comparison of predictions and actual performance of the Reers- Fig. 4.
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The absence of day/night phenomena is clearly seen.
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b) Spring period.

Day/night variation clearly seen.

The first operational satellite communication from Greenland was established in 1977 for %

transmission of meteorological data via the NIMBUS Random Acces Message System. Since

then satellite communication has been extensively used in Greenland even over relativelyshort distances due to the sparce population as described by Johnson and Taagholt 
1984,

and as seen in Fig. 5 which shows the public Danish stellite communication-net in Green-
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land. Additionally the US Armed Forces are using domestic North American geostationary
satellites for their communication to S~ndre Stromfjord and Thule AB. Further Meteorolo- --
gical data are rutinely transferred via the ARGOS satellite systems or via the European
geostationary meteorological satellite METEOSAT. This communication forms the basis for
the on-going Danish US studies of ionospheric irregularity impact on high arctic satel-
lite communication.

0 5%

0 0'-.%, -.l

0

.. 4

0 'S ... ,,

V UGO Stations with ARGOS communication.

-" *.-'.. .'.-

FIGURE 5. SATELLITE LINKS FOR TELEPHONE RELAY FROM GREENLAND TO DENMARK

COSMIC NOISE ABSORBTION MEASUREMENTS

The Danish Ionosphere Laboratory has built up an extensive arctic riometer network as
shown in Fig. 1. The riometer designed by P. Stauning consists of a sensitive, calibra-
ted receiver with a frequency sweep around the riometer frequence and includes a minimum-
value-detector for exclusion of non-cosmic noise of terrestrial origin. To increase the
dynamic range, most of the riometer stations are equipped with riometers operating near
20,30 and 40 MHz.

Fig. 6. illustrates an absorbtion event from September 22, 1973 observed by the Danish
arctic riometer network prepared by Stauning.

MAGNETOMETER ,~*. '.

Particle precipitation from space, mainly with solar origin, observed with the riometer, .
are under influence of the earth geomagnetic field. Geomagnetic recordings are according- " "'"
ly important for the understanding of disturbed ionospheric condition. Denmark operates
an extensive network of geomagnetic observation stations, either with absolute measure- .e"
ments based upon the classical La Cour magnetometer or relative measurements using flux-
gatemagnetometers.

Some riometer and magnetometer data are transferred from Narsarsuaq in near real time
data burst via the US geostationary satellite GOES to Boulder.

Various types of aeophysical disturbancies such as geomagnetic storm and substorm acti-
vities are known to be accompagnied by enhanched electric fields in the polar and auro-
ral region causing strong electric current in the ionosphere.

The geomagnetic pertubations caused by ionospheric currents observed by different obser-
vations are combined in the auroral electrojet index.
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ROCKET AND SATELLITE EXPERIMENTS 717

Geophysical disturbances are subject for several US and Danish investigations. Such
event studies are frequently based not only on ground based observations but additional- % .f.
ly on observations from satellites or rockets or born sensors. -. A.-r

23 scientific sounding rockets have been launched from Sondre Stromfjord since 1971, most
often as a Danish/US co-operation but also together with experiments from research in-
stitutes from other countries. The scientific aims include observation of ionized and
neutral winds, magnetic and electric fields, electron and proton precipitation, studies
of polar cusp and auroral oval phenomena, such as polar cap turbulence, polar cusp phe-
nomena, auroral electrodymanics, auroral electrojet turbulence, polar ionosphere irre- .

gularities and ionosphere-neutral atmosphere coubling.

Sondre Stromfjord is uniquely situated for interrelated scientific studies of the auroral
oval, polar cusp and polar cap regions.

Due to the uniqueness of Sondre Stromfjord with its location relative to the geomagnetic
pole and associated auroral and cusp phenomena, an extensive net of ground based scienti-
fic instrumentations are available for this campaign. These includes the US Incoherent
Scatter Radar Facilities at Sondre Stromfjord, the Danish chain of geophysical observa-'k -

tories in Greenland, Cornell University's portable VHF radar located at Narsarsuaq, Fab-
ry-Perot F-region chain at Calgary, Canada, Ann Arbor, USA, Kiruna, Sweden, Thule, Green-
land, APL HF backscatter radars at Goose Bay and La Grande, Canada and the US ground sta-
tion for the satellite HILAT, located near launch area at Sondre Stromfjord.

mo , Fig. 6.
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Electric fields measurements conducted in an international rocket campaign in 1974/75
with several chemical release experiments launched for example from Sondre Stromfjord
are described in Journal of Geophysica Research 1980 and studies especially concerning
neutral winds have been conducted in cooperation between the US Cornell University and
the Danish Meteorological Institute as described in A Decade of Joint Upper Atmospheric
Research 1975-1985.

The first satellite was launched in 1957 and since then more than 2.000 satellites have .:e
been launched. During the first decade the satellite served purely scientific purpose.--..
To an increasingly operational role in relation to communication, navigation and detec-
tion. Several US and some Danish satellite experiments deal with Arctic upper air pheno-
mena, and satellite data are received at several locations in Greenland, and for the US
satellite HILAT the main ground station is located at S~ndre Stromfjord. This satellite
provides detailed information in the dynamic condition in ionosphere and magnetosphere.

BALLOON EXPERIMENTS

By means of satellites or rockets only transitory recordings can be made at rather fixed
paths. In order to study the time variations in the particle radiation, US and Danish
scientists have conducted several campaigns in Greenland with measurements based upon
balloon borne sensors frequently as from other Arctic locations. As exampel can be men-
tioned studies of the longitudional extension of electron precipitation during magnetos-
pheric substorms, as described by Anker Jensen et al 1972 and studies of electric DC
fields as described by Mozer 1972 and studies of pulsations in electron prccipitation as
described by Barcus et al 1985.

INCOHERENT SCATTER RADAR

The installation of the US Incoherent Scatter Radar facilities at Sondre Stromfjord du-
ring 1983 has placed Greenland in focus with respect to upper air studies. So far some
28 research institutes from different parts of the world have made use of the facili-
ties, and some of the results obtained so far have been published in Geophysical Research
Letters 1984.

FUTURE DEVELOPMENT

Greenland and the Arctic region will as described by Bach & Taagholt 1982 play a still
more important role, partly due to the increased strategic importance of these geogra-
phic regions but also because utilization of non-living arctic resources, metals and
particularly oil and natural gas is vital for the industrial world.

The activity pattern in the Arctic regions has changed accordingly. Former small remote
communities are now local industrial centers, and areas without manned activity are arc-
tic operation centers as originally proposed by Canada.

Danish control tasks in Greenland and surrounding waters are at present maintained by se-
veral institutions and councils, both civilian and military. As the future pattern of ac-
tivities expands, partly because of national and partly because of foreign activities,
the possibility of establishing a Danish/Greenland operations centre under the aegis of
defence, ought - for rational as well as for economic reasons - to be contemplated, a . -

centre which would coordinate control of fisheries, air-sea rescue service, ice-recon-
naissance, weather services and pollution control. At the same time the centre would .''

collect and distribute on all information relevant to the communication and navigation
services, including the system for monitoring of ship movements, all reteorological, oce-
anographical and environmental conditions etc.

We observe today, that the Post and Telegraph Services direct all their efforts towards
the development of advanced telecommunication networks and only defence agencies, pro-
specting companies and scientific expeditions deal with improvement of old existing tech-
nics.

Some examples might have interest:

ARCTIC ADAPTIVE HF FREQUENCY MANAGEMENT

In northern Greenland, Denmark has gathered some experiences with adaptive frequency ma-
nagement for a medium sized HF radio system supporting summer field activity of the Da-
nish Geodactic Institute and the Greenland Geological Survey during recent years in the
northernmost Greenland. The radio system supported approximately 15 field parties and 4
aircrafts. Additional communication when needed was established to Thule AB, Station
Nord, Danmarkshavn and Mestersviq airport.

A mobile ionosounder developed in Copenhagen has been used for the frequency management
experiment. It is a pulse type sounder with a pulse power of 2.5 kW, and with all sig-
nals internally represented as digital signals, facilitating on-line digital signals pro-
cessing.

The I rsounder was placed in the centre of the expeditions work-area, and the ionograms
obtained reflhcted a mean of the ionospheric conditions in a circular area with an ap-
proximate radius of 300-400 km. This means that paths up to 300-800 km for which the
ionospheric reflection takes place within the area seen by the ionosounder can be evalu- I
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ated. For undisturbed conditions, the well-known methods using the critical frequencies
for the E, F1 and F2 layers together with the graphical aids published by CCIR were used
to identify the optimum communication frequency for the desired range.

The use of the ionograms to select proper frequencies for the single sideband telephony
did improve the radio network operation considerably, and the network stayed operative
throughout most of the PCA events.

During PCA events path attenuations up to 179 dB were measured, and experiences show that
the atmospheric noise level, which normally sets the lower limit for the dynamic range of
a communication system, decreased to a level below the receiver front-end noise level.
Much effort was spent to remove man made noise in the aircrafts and at the base camp to
ensure that the dynamic range of received signals were not limited by other factors than "
those given by the geophysical environment.

During the development of a PCA event the ionograms were used to identify the frequency
range where the D-layer absorbtion is small enough to enable reflections from the ordi-
nary F-layer trace. When this range is narrow the selection of a proper operation fre-
quency must account both for the high f-min and the effect of MUF failure caused by a
too high frequency.

Likewise during the recovery from a PCA event the regular ionospheric layers are often
not available to support communications. The only traces seen on the ionograms are thick
Es layers with the high values for both f-min and fo. The ionospheric conditions varies
very rapidly, and the only possible way to choose the optium operating frequency at any .. -.
time is the use of a real time ionospheric monitor such as the ionosounder. The adaptive
frequency management experiment in North Greenland has proved, that frequency management
based on ionosounding in connection with communication equipment especially adapted to
the geophysical conditions experienced in the polar cap area, can markedly enhance the -.
availability of a HF communication system during periods of disturbeu ionospheric con-
ditions.

METEOR BURST COMMUNICATION

At SHAPE Technical Center studies were conducted approximately 20 years ago with respect
to utilization of the sporadic ionization in the upper atmosphere caused by meteorites.
The study was completed and the conclusion was that radiosignals at 50-100 MHz could
be reflected via ionozation caused by meteorits and that such communication seems to
offer an excellent propagation method during disturbed ionospheric conditions when
appropriate technical development with respect to digital cemmunication have made
it possible to .handle the data-transmission for a link,only temporarily open for
shurt fractions of a second.

Today the datahandeling is facilitated by the advanced digital technology using micro-
processors etc., which has increased the interest in meteor burst communication.

A US Rome Air Development Center program conducted in co-operation with Danish scien-
tists with the aim to study the surviability, reliability and jamming vulnerability of
meteor burst communications at high-latitudes as a function of frequency and disturban-
ce severity has been initiated in 1983 and is still further developed.

Today the test bed consists of a communication link from Sndre Strmfjord to Thule AB
and an additional propagation path is planned for the near future in order to include
transmissions through the auroral zone.

Meteor burst communication seems to offer an ideal solution for stabel communication
to and from remote arctic locations where only a limited channel capacity is needed.
The s'stoen is independant on external units such as line of sight ground stations or satel- *. . --

lites, and offers a high security against jamming and simoultanous auscultation.

DATA TRANSMISSION VIA SATELLITES

Application of t!he ARGOS communication system in Arctic regions has been described by
Taaholt Jensn I )83 based upon experiences gathered from the operation of the net of
unrumrned gleophysical observatories - UGO stations - shown at fig. 5. These stations have
since 1i78 been equpped with ARGOS transmitters built in Denmark for transfer of meteo-
rological data in the RAMS system operating at about 400 MHz. Some of the stations are
additionally equipped for real transmission via the European geostationa-y satellite
METEOSAT usinq its data collection system.

The banish experiences indicate, that other geoyphysical data including data from magne-
tometer, riometer and vertical sounder, could easly be transferred in near real time
from the geophysical observateries to operationel user centrals via the data eollection
system in GOES/METFOSAT and accordii qly improve the services conducted by the space di-
st urbances forecast centers.

Joirt US and Danish invest iqations of VtHF scintillation activities over the Arctic bave
beer, presented by Arons et al 1rn 1 and sevesral lS investuigatins in Greenland deal
with test of satell ito communication stesincludingi measuremnents of ionospheric
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scintillation and communication link parameters especially with respect to investiga-
tions of the influence of solar activity, magnetic activity, seasonal and daiurnal va-
riation as presented by Johnson et al 1981.

Based upon the experiences gathered through the Danish UGO program Taagholt 1984 has
conducted a study of the application of the SARSAT/COSPAS system in Greenlandic areas
for retransmission and position determination of distress signals. Initial tests in
Greenland indicate that SARSAT Doppler measurements accuracy is not severely degraded
by ionospheric scintillations. Studies are additional performed with respect to environ-
mental impact on the emergency transmitter: Antenna icing, high waves, heavy snowstorms
and transmitter and antenna placed below deep snow.

Navy officers have to remember that small battery operated transmitters just as the ELT,
but operating at an ARGOS frequency, hidden onboard their ships can give the enemy all
information about movement of their ship.

ELECTROMAGNETIC DETECTIONS

Electromagnetic remote sensing for Arctic Sea surveillance, Taagholt 1982 has been used
for many years and at theElectromagnetic Institute at the Technical University of Denmark .0
several systems have been developed with special emphasis to Arctic applications. Spe-
cial knowledge about radio propagation is needed in relation to the development of the
Danish Ice Radar described by Gudmandsen 1983. With a 60 MHz airborne radar it has been
possible to map the topography of the bedrocks below the Greenland Ice Cap as shown at
Fig. 7.

Fig. 7.
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Similar tests have been conducted with respect to measurements of the thickness of the
Polar sea ice, a very difficult task. Side looking radar and synthetic aperture radar
for sea, ice and polar ice applications are tested in cooperation with the Danish Armed
Forces in Greenland and such data are compared with radiometer data observed from same
platform with reference to determination of the observed object, new or old sea-ice, ice
flow or ship etc. Remote Sensing will in future play an increasing role with respect to
Arctic Surveillance and environmental inspections.

ATMOSPHERIC MICROWAVE ATTENUATION

Satellite transmission of TV signals, digital telephone and high speed datatransmission
employ increasingly higher radio frequencies in order to satisfy the still growing demand
for such services, related to the proposed Arctic Operation Centers. At frequencies
above 10 GHz attenuations of radio signals by clouds, snow and rain have to betaken into
account. For the design of future Arctic satellite communication systems it is of great
importance to collect accurate statistics of the magnitude and the variation of this
attenuation, especially for the Arctic region where the horizontal angles normally will + .'
be rather low, which means a long propagation path through the problematic propagation
on media. . "-

For the frequency range - 10 to 30 GHz - knowledge about the electromagnetic noise plays
a vital role. The noise at this frequency are normally of physical nature, because any
body generate electromagnetic noise depending on its temperature. IAW

Accordingly much more information must be gathered by means of radiometers about the na-
tural noise, partly to be used in geophysical remote sensing investigations of the earth %.r. .
surface partly needed for design of modern digital transmission systems. ..- %

Danish Groups are very actively involved in Arctic remote sensing technics, but the pro-
blems call for further international cooperation.

CALCULATION OF ATMOSPHERIC TEMPERATURE FROM SATELLITE DATA d

Some of the US meteorological satellites(TIROS & NOAA) have a sensor package named Tiros
Operational Vertical Sounder, TOVS, which includes radiometer channels in the infrared
and visible part of the spectrum, microwave radiometers operation in the 50 - 57 MHz >- -,
range, and a stratosphere sounding unit with three radiometer channels round 15 um wawe
length, for retrieval of atmospheric parameters, preliminary atmosphere temperature from
ground level up to 10 mb level, water vapor content and total ozone content. The Elec-
tromagnetic Institute at the Technical University of Denmark has conducted a calculation .
of the atmosphere temperature profile and the calculation is based upon the data from the
Danish Meteorological aerological balloon program in Greenland. The preliminary results, .,%--

as seen in fig. 8, indicate that in cloudfree areas, temperature can be retrived so far :-r.. ,
with an RMS error, in the range of 2 - 50K depending on the pressure level. These re- . .
sults seems not to meet the requirements related to numerical meteorological models, and - '
accordingly improvement is needed.

With this rather sporadic information
about US and Danish activities related
to Arctic communication navigation and ',
detection systems performed in Green-
land I have in no way given a quali-
fied general picture but mainly touched %

Igo -experiments or activities in which I
have been more or less personally in-
volved.

The general development trend for the
Arctic region cause a demand for still
more investigations related to propa-

a igation of radiowaves in Arctic regions
and such a demand can also in future
best be met with in a close interna-
tional cooperation.

4W %
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PROGRESS IN MODELLING THE POLAR IONOSPHERE FROM SOLAR AND MAGNETOSPHERE PARAMETERS

B. J. Watkins, S.-I. Akasofu and C. D. Fry

Geophysical Institute, University of Alaska, Fairbanks, Alaska 99775-0800

1. SUMMARY

Solar and magnetospheric parameters have been used as inputs to a three dimensional
ionospheric model covering the polar cap and auroral zone latitudes for heights 120-500
km. The development of this model is reported. Using solar and magnetosphere
parameters, the solar radiation and convective electric field structure are defined.
Solutions to the momentum and continuity equations for ionization densities are obtained .,

vertically along magnetic field lines as they move under the influence of convective
electric fields. This paper also discusses the critical measurements that are needed to
use such a model to,predict ionospheric conditions at polar regions.%

2. INTRODUCTION

This paper presents progress in the development of an ionosphere model with inputs
from solar and magnetosphere parameters. Our goal is to predict the real ionosphere as
closely as possible.

The model is now applicable to heights 120-500 km and latitudes 50-90 degrees,
however this may be extended in future. *j~

While the focus of this paper is on the ionosphere, it is part of a larger . ~.
geomagnetic storm prediction scheme being developed at the Geophysical Institute. it
uses solar observations to compute solar wind parameters velocity, density and magnetic
field. These parameterR are then used in a magnetosphere model to calculate the size
and position of the polar cap and the total polar cap potential. The Figure 1
illustrates the general procedure used. The solar wind code has been developed by Fry
(1985). An example of some calculated polar cap configurations for particular

* interplanetary magnetic field values are shown in Figure 2. Thus, the first inputs for .A
the ionospheric code are, date and time, interplanetary magnetic field, and solar wind

*velocity. These inputs are shown in Figure 1. The "magnetosphere modeling code"
indicated in Figure 1 has been presented by Akasofu and Roederer (1984) and Akasofu et
al. (1984) and is used as the second step in generating the magnetosphere electricUm

*fields for the ionospheric calculations. In this paper we will discuss how this
* magnetosphere model is used, the calculation of the electric field from the c parameter,

the electric field model used, and the ionospheric code. The other parameters that may
be calculated and are shown in Figure 1 (e.g. auroral oval prediction, AE prediction,

* etc.) will not be discussed.
*We wish to emphasize that this is a firs t-generation effort to simulate the

ionosphere from solar data. It is therefore by no means complete, and is a summary of
our progress to date. Several other attempts to model the polar ionosphere have adopted
a statistical approach (e.g. Secan and Tassione, 1984). By contrast our effort is .

based, as far as possible, on the actual large-scale dynamics of the polar plasma
motions, and the major physical and chemical processes operating in the ionosphere.
Therefore we expect that this approach will eventually prove superior. ..

Our basic methods are similar to that published earlier by Watkins (1978) and Sojka .

et al. (1979, 1981). These earlier modelling efforts were focussed primarily on use of
models to study ionospheric structures resulting from differing geophysical conditons
and the results did not necessarily apply to any specific real situation. The new
aspect of this work is the development of a computer code that may be linked to solar, .

solar wind or magnetosphere parameters for prediction purposes.

b 3. MODEL INPUT PARAMETERS

* .In this section, we would like to briefly present the main model inputs used and
illustrate how they are used in the model. Their function is to determine theI tN
ionospheric convection pattern which is the most critical, and least understood variable
in terms of our experimental knowledge of the relevant processes. Other lesser .

* important inputs such as solar-produced ionization and auroral inputs are less important
and their methods of calculations have been discussed in several general texts, e.g. %
Banks and Kockarts (1973).%

3.1 Determination of Ionospheric Convection Pattern

Our determination of an ionospheric convection pattern over the polar region
follows from several steps. First the interplanetary magnetic field (IMF) is used as an
input to a magnetosphere model (Akasofu and Roederer, 1984) which gives the location and
size of the polar cap. For our purposes we define the polar cap as the region of open
magnetic field lines. The Figure 2 illustrates some possible polar cap configurations
for various IMF? values. After running this magnetosphere model we determine a best-fit
circle to the polar cap. This circle is used as the basis of the electric field model
that is derived from two semicircles of charge, positive on the dawn, and negative on
the dusk side. The resultant electrostatic potential pattern typically looks like that

* in Figure 3.
The total cross polar cap potential is determined from the c parameter that is in

turn derived from solar wind observations. The c parameter is given by
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c vB2 sin4 (e/2) X 02 (1)

where v is the solar wind speed, B is the IMF magnitude, 6 is the polar angle of the IMF
vector, and to is a constant of about 7 earth radii. Reif f et al. (1981) have
determined an empirical relationship between E and the total cross polar cap potential*
to be,

0 0.93 e - 319 (2)

Thus, we are using c and the IMF (Bi, Br B, components) as our model inputs to generate
an electric field pattern using the abo e relations and the magnetosphere model.

The actual motions of the ionospheric plasma is given by the ExB relation since we
are dealing with the collisionless region of the ionosphere. It is important to note
that we are solving the problem in the non-rotating magnetosphere frame of reference,
magnetic local time and geomagnetic latitude. in this frame there is a tendency for the
plasma to corotate around the pole. If this corotation effect is added to the ExB .- .
motions, the plasma paths look like those shown in Figure 4. To illustrate the
different velocities of plasma at different locations, we have plotted line segments
that represent distances travelled in three hours.

4. IONOSPHERE CALCULATIONS

It is assumed that 0+ is the only ion present, then the continuity and momentum
equations for 0+ ions are solved vertically alnmagnr'ic field lines. The uper *

boundary condition is an outward 0+ flux of 108 cml sec- . A lower boundary condition
of chemical equilibrium is chosen. We are able to take into account the effects of
neutral gas motions, however at this time we have neglected this by assuming ion and
neutral velocities are identical. We will attempt to remove this limitation in
future. The recombination time at F-region altitudes is long (- 1 112 hours) and since
horizontal ion velocities are several hundred meters per second, calculation of the
ionization density at a given location depends on the past history of the plasma. Our
approach is to specify the universal time for the desired results, then to determine ' ,

from the convection pattern, locations where the plasma originated several hours pre- N.,
* viously. Then, using an estimate of the vertical ionization profile at the point of .~~

*origin, we solve the continuity and momentum equations at 5 minute intervals along each .
plasma path. This finally results in a three-dimensional array of ionization density j
values. Some sample results are shown ,.n F tures 5 and 6 where we have contoured the%

peakdenity Desit vauesabot 2l0~cm~ occur on the dayside (top of figures) and
lowest nighttime densities are about lxiO4 cm-3 .

Our model so far uses solar ionization as the only source, and chemical recoin- .

bination as the only loss process for ionization. We have neglected auroral ionization,
this is an important source that we will include in figure. The method to calculate the
solar ionization production at a given location is through a transformation to the ,

geographic frame, calculation of the solar zenith angle then the solar ionization -

profile. We are now using a solar production rate appropriate for solar minimum4'
conditions.

5. LIMITATIONS OF MODEL .*

There are several limitations that will be addressed in future. Briefly, these are

listed below.

5.1 Auroral Ionization .. ~
This will be included in future and may be estimated from solar conditions or from.1

selected observations.

*5.2 Neutral Wind Effects

The neutral wind motions in the auroral zone and polar cap have been observed to
approximate the ion motions by Killeen et al. (1985). Through ion-drag, the ions tend
to control the neutral gas motions. However, the relatively long time constant (few
hours) for momentum exchange frequently results in large differences in ion and neutral
velocities. Since the magnetic field lines are in general tilted off vertical, the
neutral wind may therefore act to move ionization up or down field lines depending on
the wind directions. If ionization is moved upwards where the recombination time is
longer, ionization densities will tend to be larger. An illustration of possible
effects was shown by Watkins and Richards (1979).

Inclusion of the neutral gas motions in a self-consistent manner is planned for the
future.

5.3 Time Dependence

Although the model is time dependent in the sense that we can solve for any time of
day or day of year, this is an equilibrium solution, for that particular time. To
extend the model to solve for time varying effects, for example as the IMF is changing,
would require storage of many convection patterns that apply to the varying
conditions. This will require some extensions to our code and substantially more
computing time.
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6. THE NEED FOR LARGE SCALE E-FIELD OBSERVATIONS

Our model uses a relatively simple representation of the magnetosphere electric
fields that is probably unrealistic at times. Unfortunately there are no satellites
available now with E-field data for comparison. It would be preferable to use direct
observations for the model input or to at least provide some comparisons with actual
data. Unfortunately, these large-scale E-fields are probably the most critical factor
in the model and are the largest potential source of error. If a satellite with an E-
field detector, and/or incoherent-scatter radar(s) could provide real-time E-field data
at a few locations, this ionosphere model, when further developed, would be able to
provide polar maps of F-region ionization densities.

7. CONCLUSION

In conclusion we have presented our progress to date in modeling the polar cap and
auroral zone ionosphere from solar and magnetosphere inputs. With further development
we expect to use the model for predicting the three-dimensional time dependent
ionosphere. The model is applicable for F-region altitudes and therefore should be
useful for HF propagation predictions at high latitudes. - .
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DISCUSSION

G.Prolss, GE
Considering that your model is primarily for practical application (prediction purposes) and considering further that
many of the input parameters needed for the model are not well known (e.g. neutral winds, composition, convection
patterns, etc.) I wonder whether it might not be better to use a more empirical approach by constructing an empirical
model of the polar ionosphere?

Author's Reply -
At this stage of our model development, a more empirical approach may be better at predicting the real ionosphere.
However, this is our first effort. The major limitations will be addressed in our future work. We believe a numerical
approach that incorporates the basic physics is worth pursuing. We agree that some inputs are not well known at this
time, but future refinements incorporating very new experimental information will help. A major input variable that is
not well known, yet very critical, is the large-scale electric field morphology; incoherent scatter radar data are
beginning to help with this problem. ,

TA.Croft, US
In your work you have three distinct problems: (1) a need for input data from diverse sources; (2) a need for
programming modifications; (3) a need for improved knowledge of physics with which to improve the code. From work
done so far, can you identify unresolved physics questions that have a significant impact on the accuracy of prediction -. -. ,
methods like yours?

Author's Reply %..,

We agree that the input data problem needs to be addressed, especially electric fields. This is our major problem.
Programming them is a minor concern. With regard to the physics, we believe the basic physics is understood quite well
enough for our purposes, i.e. to predict the major F-region structure. Several papers quoted have been directed to the
relevant processes. When we get to the stage of comparison of our model with data, we may choose to include more '4.

physics, for example NO+ as well as 0+, but at this time the uncertainties in inputs are more important.

B.Reinisch, US
The physical model of the polar ionosphere that you develop is certainly urgently needed. During the last year we
measured F-region drifts in the polar cap (Thule) with a spaced antenna Doppler drift system during brief campaigns, -l
and we, indeed, observed the antisunward plasma flow and its diurnal variations. In cooperation with AFGL and DMI
we will install a Digisonde at Qanag (Thule) this summer and one of the objectives is to routinely measure the plasma
flow. Do you believe that you can use these data as input to your model, or that you can use them for comparison?

Author's Reply
There is certainly a lack of large-scale E-field and/or plasma drift data. Your data would be useful, but should be
performed in cooperation with radar experiments at other locations so that the large scale picture can be seen. It is also .-.

important to have the IMF data, because the IMF controls the convection pattern..-

S.Quegan, UK
QUESTION: At the lower limits of your figures, you are definitely in a region of closed field lines and well into the
plasmapause. Under these conditions, the assumption of polar wind outflow is certanly not true... What is the range of
validity of your model? COMMENTS: (1) At these trough latitudes, the neutral wind is of critical importance in
maintaining the ionosphere, and (2) the degree of penetration of the convection electric field into the plasmapause is
poorly known, but is very important for trough dynamics. Realistic modelling requires this information. %

Author's Reply
Our model is not applicable to the plasmasphere because of the interchange of ionization between the ionosphere and
plasmasphere. The polar wind outflow assumption is valid on closed field lines if those field lines were recently open
(because of pre% ious trajectories over polar cap). The lower latitude limit is dependent on the size of the polar cap; for M.
the figures shoan, the outflow assumption is valid down to at least 55 degrees on the nightside where the trough is
located. We will be including neutral winds in future. Electric fields in the plasmasphere would indeed be a concern, if
we extend our modck - nlasmasphere latitudes.

.1% !ml
"...' .7-,
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STATISTICS OF AURORAL RADIO ABSORPTION IN RELATION TO*PREDICTION MODELS

J.K. Hargreaves, M.T. Feeney* and C.J. Burns
Department of Environmental Science
University of Lancaster
Bailrigg
Lancaster, LAl 4YQ
England

SUMMARY

The prediction of HF propagation conditions at high latitude requires a knowledge
of the statistics of radio absorption in the auroral ionosphere, a highly variable
phenomenon depending on local time, magnetic latitude, season and solar activity.
Data from riometer stations may be compiled to provide statistics on the auroral radio
absorption, and the present paper takes data from Iceland and Scandinavia to consider,
in relation to a prediction model, questions such as the probability distribution and %

variations with latitude, solar and geomagnetic activity, and longitude. Difficulties '

concerning the smallest absorption values are pointed out. %

1. INTRODUCTION

An important factor in predicting HF radio propagation conditions at high latitudes
is the amount of absorption in the ionospheric D region; a highly variable quantity
since it results principally from energetic particle precipitation whose intensity
and distribution are themselves determined, though not in any precisely defined manner,
by the level of geophysical disturbance resulting. from magnetospheric behaviour
energised and somehow triggered by the solar wind. HF radio absorption is thus one b.'

practical and undesirable consequence at the end of a long, and somewhat uncertain,
chain of events which we may seek to understand but whose ultimate driving force
certainly lies beyond our control.

In these circumstances, and particularly when the absorption morphology, as here,
is highly structured in both space and time, the most practical approach to prediction
is a statistical one which collects past data and attempts to sort and organise the
data set in terms of known parameters - time of day, latitude, season, solar or magnetic
activity levels, and so on.

The problem of making statistical predictions of the auroral radio absorption has been %
tackled by a number of workers, notably Agy (1972), Herman and Vargas-Villa (1972), %'
Foppiano (1975), Vondrak et al. (1978), Masi (1980), and Foppiano and Bradley (1984,
In press). The data have been taken from riometers which measure the absorption at %
a radio frequency usually between 20 and 50 MHz by continously monitoring the received
intensity of the cosmic radio noise. Strictly, the riometer does not provide what
the problem requires since an HF circuit will generally operate at a lower frequency ..
and the signal will pass through the D region much more obliquely. The advantages
of basing the data set on riometers are that many data are available which 'Aoutd . ,
comparable between different stations operated by different people, and that what
purports to be absorption measurements are likely to be just that without significant .'rp . *,

contamination from other effects. Such data, however, need to be experimentally YN2-
compared with the performance of HF circuits - and this is more difficult to achieve
than the compilation of riometer data.

2. THE FOPPIANO AND BRADLEY MODELS

The problem of statistical predictions breaks into two parts. First is the
question of the statistical distribution itself: the probability that various chosen
levels of absorption will be exceeded under known conditions of the parameters time-
of-day, latitude, etc. This distribution then has to be described by some convenient
representation which, hopefully, does not include too many independent parameters.
The second part then concerns how these describing parameters themselves depend on
the parameters such as time-of-day and latitude.

The papers of Foppiano and Bradley (1984, In press) have addressed these questions..%
Regarding the statistical distribution, they concluded that it could be described by
a log-normal relation of the form

* Now at Electrical Engineering Dept., University of Liverpool.
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f (Y) = .. 2L exp ]-0
2  dy

0[2 2a02

where y = log(A), A being the absorption; yo is the mean values of y, and a its standard A_
deviation. One of the describing parameters of the distribution is conveniently taken 7-
as Q(1), the probability that 1 dB will be exceeded. In a log-normal distribution, }

Q(A) = - exp dx

V2~ ifx [_x21 11 -PJ

where x = (y - yo/ a and Px is the "normal probability integral". Q(1) has become .-
a standard quantity since 1 dB is a level that is readily determined without much
error, and is also a level which should produce marked absorption effects (about
20 dB) in a typical HF circuit. The other parameter of the log-normal distribution
is really a matter for choice; it can be based on another absorption level such as
Q(3) or it can refer to the slope of the distribution which is linear on log-probability
paper.

Foppiano and Bradley (In press) consider that Q(1) is formed as the sum of two
terms, one peaking in the night sector and the other in the day. Each of these terms
is then constructed as the product of several other terms, representing respectively
the influence of magnetic latitude, magnetic longitude, local time, season, and sunspot %
number. Specific relations are given for each term and thus a complete model for Q()'
was developed.

The present paper describes data studies made independently of the foregoing
analyses, though with foreknowledge of them, and should be considered as a verification
(or otherwise) based on independent data from the European sector.

3. LOG-NORMAL DISTRIBUTION

Hourly absorption values from 30 MHz riometers at Fagurhlsmyri (63.530N,
16.65W, L = 5.6) and Siglufjrdur (66.150N, 18.92 0 W, L = 6.9), both in Iceland, and 2-9 %1

at Abisko (68.210 N, 18.50 0 E, L = 5.6) in Sweden were assembled over periods of one "
month and divided into four, 6-hour periods of the day: 00-05 UT, 06-11 UT, 12-17 UT, a-n-
and 18-23 UT. Figure 1 shows the data for the winter periods (taken together) for
Abisko, plotted on log-probability paper. The threshold marks the level below which -".-.

the absorption values are not considered accurate. At the higher values, exceeding
about 3 dB, there are relatively fewer values. In the middle range of absorption
values, the log-normal appears to be a good fit to the data. (We will refer again
to the threshold and remark on the small absorption values in Section 6.) When monthly
absorption probabilities are plotted in the manner of Figure 1, they also indicate
a reasonable fit to the log-normal distribution in the middle range.

Values of Q(1), Q(3), the slope B and the width o,andA M  the median value have
been determined for the 3 stations for each month from Nov 1976 to July 1978, with
selection by time of day as above. If we describe the distributions by the pair of
values Am and 0 , the conclusion is reached that Am varies strongly with the monthly
mean magnetic activity index A whereas a is approximately constant. The best-fit a

relations for Abisko are given n Table 1. The variation of Am with Xp is strongest
in the morning hours.

4. LATITUDE VARIATIONS

The latitude distribution of Q(1) has been studied using hourly absorption values " .'
from 6 riometer stations in Finland over the years 1972-1983 (Ranta, 1972-83). The '-a -•
stations are located as in Table 2. For this part of the study the probabilities were
assembled over a month at a time but there was no division by time of day.

The Foppiano and Bradley model (In press), following previous studies, adopts ...

a Gaussian form for the latitude variation of Q(M):

Q( ) = Q exp 21].
0 2s~

The only justification for such a form is if it fits the data, and this appears to
be the case, at least for stations not too far from the maximum. The Gaussian is also
convenient, being described by only 3 parameters: the maximum value of Q(1), here called
Qo; the magnetic latitude of the maximum,X; and the width of the curve, s. We also
adopt this form as the best available for the purpose.

Figure 2 gives examples showing the Gaussian curves fitted for 4 different levels
of X p. It appears that the Finnish riometer chain barely extends to the statistical
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extrapolation, not verified in the present analysis. The derived values of Xo and

QO might also be questioned, but in fact the Xo values agree with those from the model
(See Table 3), and the obvious levelling of Q(1) at the higher latitude stations gives ' .%

some confidence in the derived Qo values. The measure of agreement between observed V .
and model values of Qo (and of Q(0) for individual stations) depends on the year in

question - this point is taken up in Section 5.

The Q(1) values have also been separated by hour of the day and then assembled
over the whole period of the data, though retaining the division into 4 A levels.
Gaussian curves were fitted for every hour and then contour maps prepared from these
fitted Gaussians. Two stages of smoothing are thereby involved. Figure 3 shows the . .
map for X p 15-20, which is similar to previous presentations of auroral absorption
against latitude and time (Holt et al., 1961 ; Hartz et al., 1963; Driatsky, 1966;
Hargreaves and Cowley, 1967). The minimum at 1800-2000 LT shows clearly; this is
obviously a well defined feature of the distribution which occurs at all longitudes.
The full set of contour maps also shows clearly the intensification and equatorward
movement of the daytime maximum with increasing geomagnetic activity. Contours poleward -''*

of the maximum in Figure 3 are an extrapolation of the Gaussian curves, and have not
been verified in the present study.
5. VARIATIONS WITH SOLAR CYCLE AND MAGNETIC ACTIVITY INDEX

% The Foppiano and Bradley model takes account of the sunspot number so as to embody
the expectation of more aurora when the sun is more active, with the result that Q(1)
values for sunspot maximum are predicted at more than twice those for sunspot minimum.
Figure 4 plots daily Q(1) values for Kevo, month by month from 1972 to 1983. Whereas
the predictions react to the sunspot number, this is not seen in the data over the
long term. The predictions are thus too low in quiet-sun years but nearer the observed
average during the years of high sunspot number. At the low latitude end of the chain
the sunspot maximum predictions are too large. The physical problem here comes down
to the fact that auroral precipitation depends on the solar wind rather than on sunspots
directly, and a better way of taking changing solar activity into account may be to
use a magnetic activity index (such as A ) which is also governed by solar wind

* behaviour and of which predictions are available.

6. UNCERTAINTY IN THE QUIET-DAY CURVE AND THE LONGITUDE EFFECT

A longitude term is included in the model which predicts that Q(1) should vary
by a factor of 5 around a longitude circle, and by a factor of 1.7 between Fagurholsmyri
and Abisko, the latter having the greater value. In fact the observed values of Q(1)~~~for these two stations, which are at the same magnetic latitude, are almost the same "'''[. .
- See Table 4. Ivalo is only 70 east of Abisko but, according to the model, should

have Q(1) 27% greater. In fact the observations (Table 4) indicate a value 47% greater.

The monthly Q(1) values at all three stations are well correlated with each other,
as may be seen from Figure 5 and Table 4, but a bias could be introduced through the
determination of the quiet-day curves. The data were in fact analysed by two different
groups, Fagur 6 lsmyri and Abisko at Lancaster, and Ivalo at Sodankylg. Since it is
difficult to conceive of a geophysical mechanism that would cause the absorption to
change by 47% over only 70 of longitude, one should ask whether different data handling
procedures could cause the differences in the present study, and, by implication, in
the model. %

Figure 6 takes two log-normal distributions in which Q(1) is respectively 2% and
10%, and with the same typical slope. The solid lines therefore represent two possible
absorption distributions assuming that the log-normal form holds. The dashed lines
show what happens to these distributions if errors of 0.3 dB are added or subtracted,
as if the quiet-day curve were raised or lowered by those amounts. It is seen that
in each case the value of Q(1) is changed by nearly a factor of 2. While an error
of 0.3 dB may seem rather high (unless the data were of unusually poor quality due
to exceptional interference or some equipment problem) smaller uncertainties such as
0.1 or 0.2 dB are indeed possible. In the present case the difference between Ivalo
and Abisko could be explained, and thus the present study provides no positive evidence
supporting a longitude variation of Q(1) in the Iceland - Finland sector. Whether

* the factor of 5 predicted in total by the Foppiano model could be explained in this
way is another matter, but there could be a contribution to it, particularly since
the strong longitudinal gradient predicted for the European sector is caused mainly

* by the data from one group of stations. Ideally, when data from different stations
are to be compared, identically the same reduction procedures should be applied to
all. That this may not be possible for stations far separated in longitude makes the
determination of longitude effects all the more uncertain.

An "error" in the quiet-day curve has greatest relative effect on the smallest

absorption values, producing curvature of the log-normal plot (as in Figure 6). A
tendency to curve in the direction of the lines marked "-0.3 dB" is observed in some
distributions. On the other hand, the log-normal distribution may not apply at small
values. It appears to encounter a theoretical difficulty in that it predicts zero
probability of there being zero absorption, and it is questionable whether this is
realistic on geophysical grounds. Given the sporadic nature of auroral absorption
as a substorm phenomenon, one would surely expect considerable periods during
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geomagnetically quiet conditions without energetic precipitation and without auroral
radio absorption. For both of these reasons the validity of the log-normal distribution ..
should not be assumed below the range where it has been tested; this does not, of
course, prevent its use over the middle range of absorption values where it appears
to be rather satisfactory. .' / A,

7. CONCLUSIONS

1. The probability distribution of auroral radio absorption as measured using riometers ,--,%
follows a log-normal law over a middle range of values between a few decibels and ,..-
a few tenths of a decibel (at 30 MHz). The law has not been verified for very
small nor very large absorption values.

2. If log-normal distributions fitted to data from near the maximum of the absorption
zone in the Iceland - Europe sector are described by the median absorption Am and ____

the standard deviation a , it is found that Am varies markedly with the magnetic
activity index Ap whereas a shows no such variation.

3. The latitude distribution of Q(1) the probability of 1 dB being exceeded, can
be described by a Gaussian curve between magnetic latitudes 560-660 (L values 3.3
-6.0). The latitude of the maximum and the width are both in agreement with the
Foppiano and Bradley model. Marked changes with Ap are seen.

4. Sunspot number is not a helpful predictor of the magnitude of the absorption; a - •
term based on a magnetic activity index would be more accurate.

5. The longitude effect indicated by previous data is not confirmed. Part of the
effect could be due to the use of different data reduction procedures at different
observatories.
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Table I Equations for Am and a

U.T. range (inclusive) Relation for Am(dB) in terms of Ap

00-05 A m = 0.0139 Ap - 0.0515 - 0.038

06-11 A = 0.0106 A + 0.0096 + 0.064
m p

12-17 A = 0.0051 A + 0.0224 ± 0.034
m p

18-23 A 0.0077 A + 0.0095 ± 0.033

a = 0.566

Table 2 Riometers in Finland

Station Geographic position L value

Kevo 69.75 27.02 6.0

Ivalo 68.60 27.42 5.5

Sodankyla 67.42 26.40 5.1

Rovaneimi 66.57 25.83 4.8• . ,...-. ,

Oulu 65.10 25.98 4.3

Jyvaskyla 62.40 25.67 3.7

Nurmijarvi 60.52 24.65 3.3

• •. , .
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Table 3 : Derived and model values of Xo, a and Qo

Derived values

Range of Ap 0 Qo
%

0-10 68.1 3.8 5.7

10-15 67.8 3.9 9.3

15-20 66.9 3.6 13.3

20- 65.6 3.6 17.4

For the day sector, which tends to dominate the results,
the Foppiano and Bradley model predicts as follows: -

Sunspot number (R) AO "

0 (min.) 68.0 3.0 ." "

100 (max.) 65.3 3.4

Table 4 : Comparison of Q(1) values between

Fagurolsyri, Abisko and Ivalo

Fag. Ab. IV.

Mean Q(1) 4.8% 5.1% 7.5%

Correlati-n
coefficient with

Ivalo 0.8 0.8

%

C- .
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LOG NORMAL PROBABITY OISTRWTION OF AJAORAL ABSORTION
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001) against magnetic
latitude.-and localAI
time for Xp=15 to .

OOARECT!O 20.
GEOMAGNEIC OKI'-
LATIDE .

GEOMAGNETIC LOCALTW

PMMT AND OIM1RVED 0 (1) VALKIIIFOR KEVO -

%.~
,... 

46-~

Rq .*

'10to

so.-

W.... Y.. ..U t......U - -W - .. ~. '

---------- % '

Fig. 4. observed and predicted Q(1) values for Kevo over a sunspot cycle.
Ap is the monthly mean value of the magnetic activity index Ap. '
R and R12 are respectively the monthly and 12-month running mean*P. R.

sunspot numbers. The ratio of predicted to observed Q(1) value
is plotted on a log scale and shows the predictions to be much
too low in quiet-sun years.
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MONTHLY 0 (1) VALUES AT THREE STATIONS.

IYALO ("AN8 I WAS1 COMMMU GEOLAWTIC LAW.L

~~j~ V I I I I I

WASO SM I0205

.........

Auus 198

* 0(1)11%

9IC FAaCERRONALGNRA LT1

-4S

-, FAS6LIVUU4N7I.8) I so"

tf "S

Fig. ~ ~ ~ Fg 6. CoprsnoC()vle o he ttonstuio at ilutrt
the ~ ~ ~ ~~ h same-da gemgntclaiudrNvebre96

Augus 1978. h drie

am~~~~~~ abopio -trbto

an ().aus

1.00.

EPPCTOP CC EAC OWA OG ONAL LO0"

- -- - - - - - 0M

* - - - - - - - - W.
0=WI

oif 6.1 Cosruto to illustrate
-NOW"N -d@ .hwa rrri lcn



7.3-10

DISCUSSION .eg

A.Rodger, UK

(1) Your data from Kevo (figure 4 in your paper) shows a very clear semi-annual variation, although, surprisingly, the
Ap index does not show this semi-annual variation very clearly as described by (Green, 1984, Planetary and Space
Science). Do you consider it worthwhile to include a semi-annual term in your model? COMMENT: From studies of
riometer absorption at Siple and Halley in Antarctic, there appears to be about 50% more absorption seen at Halley
compared with Siple. These results are considered to be evidence of a very significant longitudinal variation in
absorption.

Author's Reply
(1) 1 think that Ap does contain a semi-annual variation, but whether Q(1) follows that exactly is something we have not
looked at. It may be that the established Ap influence already takes this into account, and whether a separate semi-
annual term is needed would have to be the subject of a future investigation. (2) 1 am aware of the Siple-Halley result. A
small difference at latitude may show such an effect, but I do not deny the possibility of a longitude effect as well. Mypoint is, that such effects are not always easy to establish reliably from the riometer data.

J.Taagholt, DE
Concerning the uncertainty related to the quiet-day curve I can mention that most of the Danish riometer data are.. .
recorded both in analog and digital form, and the digital data can today easily be communicated via geostationary ,-.

satellites such as METEOSAT or GOES to forecast centers. Today, data are transferred via GOES from Narssarssuaq
to Fairbanks via Boulder. Having all the data at a central forecast facility and conducting the data analysis there, might . -

eleminate the effect of individual interpretation and definition of the quiet-day curve. N'.

P.A.Bradley, UK -
Does the poor correlation of auroral absorption with sunspot number mean that models of the sort you are discussing
should not be used for long term radio circuit and service planning? ,-':. %

Akuthor's Reply
I am not suggesting that there is anything wrong with the concept of the Foppiano and Bradley model, but its accuracy..
would be improved if the term representing sunspot number dependence were replaced by one depending on
geomagnetic activity.

E.Thrane, NO
There exist some work by Oxman & Ranta showing a relation between auroral (riometer) absorption and the direction
of the interplanetary magnetic field. Have you considered including such effects in your model?

Author's Reply
I have found such effects myself, too, in conjugate-point studies in the late 1960's. I believe they are more pronounced
at the high latitudes, and I agree that they should be included in absorption models. " ",

*" . . -,.-.-i i

'-'S .- '-V
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FORMATION AND DETECTION OF HIGH LATITUDE IONOSPHERIC IRREGULARITIES

M. C. Lee
Research Laboratory of Electronics and

Department of Electrical Engineering and Computer Science
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139, U.S.A.

J. Buchau, H. C. Carlson, Jr., J. A. Klobuchar, E. J. Weber
Ionospheric Physics Division

Air Force Geophysics Laboratory
Hanscom Air Force Base, Massachusetts 01731, U.S.A.

ABSTRACT

Measurements of Total Elctron Content(TEC) and airglow variations show that large scale plasma patches appearing in
the high-latitude ionosphere have irregular structures evidenced by the satellite phase and amplitude scintillations. Whistler
waves, intense quasi-DC electric field, and atmospheric gravity waves can become potential sources of various plasma in-
stabilities. The role of thermal effects in generating ionospheric irregularities by these sources is discussed in this paper.
Meter-scale irregularities in the ionospheric E and F regions can be excited parametrically with lower hybrid waves by intense
whistler waves. Ohmic dissipation of Pedersen current in the electron gas is able to create ionospheric F region irregularities
in plasma blobs or plasma patches (i.e., high ambient plasma density environment) with broad scale lengths ranging from . .

tens of meters to a few kilometers. Through the neutral-charged particle collisions, gravity waves can excite large-scale ( >
tens of kilometers) ionospheric irregularities simultaneously with forced ion acoustic modes in the E region. The large-scale
ionospheric density fluctuations produced in the E region can extend subsequently along the earth's magnetic field to the
F region and the topside ionospheric regions. These mechanisms characterized by various thermal effects can contribute
additively with other processes to the formation of ionospheric irregularities in the high latitude region.

1. INTRODUCTION

Coordinated experiments using optical and radio waves (digital ionosonde, satellite phase and amplitude scintillation,
total electron content, incoherent scatter radar) and in situ measurements have been conducted over the past five years to
investigate the large scale structures and dynamics of the high latitude ionosphere and the relation of these to ionospheric
irregularities (see. e.g., the 1983 November-December issue of Radio Science: the John Hopkins Applied Physics Laboratory %
APL Technical Digest(vol. 5, No. 2, 1984): the HILAT satellite; Buchau et at., 1983; Carlson et al., 1984; Klobuchar et.,, ,
al., 1984; Weber and Buchau, 1985). Active research also has been carried out theoretically on the causes of high latitude can

ionospheric irregularities (e.g., Fejer and Kelley, 1980; Keskinen and Ossakow, 1983). There are various sources that can,'%

potentially perturb the high latitude ionosphere, such as particle precipitation, intense quasi-DC electric field probably of
magnetospheric origin, plasma instabilities, and atmospheric gravity waves.

The purpose of this paper is to discuss several processes causing plasma temperature perturbations (6T) and the subse-
quent coupling to plasma density fluctuations (bn) that are, at least in part, responsible for the occurrence of irregularities
in the high latitude ionosphere. The thermal pressure force that results from the plasma temperature perturbations provides
the nonlinearity of plasma instabilities for exciting ionospheric irregularites as exactly or nearly zero frequency modes. Since
the plasma instabilities under consideration are characterized by thermal effects, we term them "thermal plasma instabili-
ties" to distinguish them from those discussed widely in the literature like the Farley-Buneman instability, the E x B (or
gradient drift) instability, the current convective instability, etc.

Among many potential sources of plasma instabilities at high latitudes, we single out for discussion the whistler waves, %
the atmospheric gravity waves, and the quasi-DC electric field. These whistler waves and gravity waves may originate in
natural processes, such as particle precipitation and lightning strokes. The whistler waves may even be man-made, because -

the injected VLF waves from ground stations change from linear to circular polarization (i.e., whistler mode) on their paths
through the neutral atmosphere and into the ionosphere (Kintner et al., 1981). Significant ionospheric and magnetospheric
disturbances can be introduced by this man-made source (Lee and Kuo, 1984 (a) & (b)). It has been found that some
particle precipitation events were linked to the VLF wave-injection from Russian stations (Koons et al., 1981). Therefore,
some events of artificial particle precipitation were probably mis-identified to be cases of natural processes in the past.

Ionospheric irregularities, that are' produced by the Whistler waves, the quasi-DC electric field, and the atmospheric
gravity waves, have different scale lengths. They range, in order, from a few meters to a few tens of meters, from tens. 'e
of meters to a few kilometers, and from probably tens of kilometers to a few hundreds of kilometers. Although generated "'

by different sources, these ionospheric irregularities have some characteristics in common: (I) they are field-aligned zero
frequency modes, and (2) they are nonlinearly driven by thermal pressure force resulting from different thermal effects
Presented in the following three sections (i.e., Section 2-4) are the generation mechanisms of ionospheric irregualrities due s/" '. "
to the thermal effects caused by the whistler wave-plasma interaction, the Ohmic dissipation of Pedersen current driven by
cros-s-field electric field in the electron gas, and the gravity wave-plasma interaction, respectively. The presentation centers . I.

on the description of the physics and observations rather than the detailed mathematical formulation, Main results of the *

theories are summarized for a quantitative analysis Finally drawn in Section 5 are the conclusions. "

2 SHORT-SCALE IONOSPHERIC IRREGULARITIES

Particle precipitation, lightning strokes, and the injected VLF waves can produce whistler waves that, if intense enough,
' ' II I I I I l •
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excite short-lived short-scale (i.e., meters and tens of meters) plasma density irregularities with zero frequency in the high . 4
latitude ionosphere. Lower hybrid wave turbulene with the same perpendicular scale lengths can be concomitantly generated.
These locally excited lower hybrid waves are able to propagate along but not across the earth's magnetic field, because a
standing wave pattern is maintained in the transverse direction. ',

This generation mechanism of ionospheric irregularities involves a four-wave interaction process that can be represented
by the following wave frequency (,) and wave vector (k) matching relactions:

- w. = W,, = ld -I- W

where the subscripts ., - (+- and c denote the whistler wave, the Stokes (the anti-Stokes) component of the excited
lower hybrid waves, and the excited low frequency mode, respectively * means the complex conjugate. The low frequency
mode is assumed to have a space-time dependence of the expt(k. r w.t)l form. For simplicity, the whistler wave is
considered as a ducted mode propagating along the geomagnetic field (1.31 that is. k,, / R,. The low frequency mode is
magnetic field aligned because the simultaneously excited lower hybrid waves have the field-aligned nature, namely, k. B,.R
and ,k.(- 2; k.) - . A.,(- 2w/k,.). Therefore, the perpendicular and the parallel wavelenghts of the lower hybrid waves ',e
are identical to the scale length (A.) of the low frequency mode and the wavelength (A-.) of the ducted whistler wave,
respectively Both the Stokes and the anti-Stokes components of the lower hybrid waves are involved because the low
frequency mode (associated with the excited ionospheric irregularities) is a purely growing (i.e., zero frequency) mode, viz.,

t-: and hence R.(w 1) = w.. , where -i is the growth rate of the plasma instability excited by the whistler wave.

When the whistler wave interacts with the ionospheric plasmas, three types of nonlinear effect result and determine %
the excitation of ionospheric irregularities. They are the non-oscillatory beating current, the ponderomotive force, and the
thermal pressure force, that appear in the linearized electron or ion continuity equation, momentum equation, and energy
equation. respectively

The relative importance of these three nonlinear effects depends upon the scale lengths (A.) of the instability and the
whistler wave frequency (w_). In the excitation of field-aligned modes in the ionosphere, the ponderomotive force has been .,
found to be generally small than the thermal pressure force by a factor of k- 

2
r,

- if the scale lengths (A. 2f/k.) is less than 0>"- , -'

wr, (2M/m)1/2 ~ 15 meters or by a factor of (M/2m) otherwise (Kuo et al., 1983; Lee and Kuo, 1983) where r, is the electron
gyroradius. The proposed instability can be excited by whistler waves in a broad frequency domain. This frequency domain *

has a narrow portion: WLKhl + (M/m)(VtlC2)(, /fl)1i/2 < W., < Wt and a wide portion: w,. < w,, << fl ,wherein the
non-oscillatory beating current and the thermal pressure force are the larger nonlinear effect, respectively. The parameters, * o
* w,,. (w,, t,.. (I., C. and WLH have their conventional meanings of the electron (ion) plasma frequency, the electron -. -
thermal velocity, the electron gyrofrequency, the speed of light in vacuum, and the lower hybrid resonance frequency defined r %,/ -
by I./I + (W'I/n-?)I1 

2 .

Although the lower hybrid waves involve both electron and ion dynamics, nonlinear effects in the ion gas are less than
those in the electron gas by, at least, a factor of (M/m)'/ - 200 in the whistler wave frequency range of interest, i.e.,
(I, < - .. << f,, where fl, is the ion gyrofrequency. Even ions acquire energy from electrons through collisions, this energy ,*
gain and the differential Ohmic heating of ions by the whistler wave and the lower hybrid waves do not cause significant- -
ion temperature perturbations because of the relatively large ion cross-field diffusion loss. It is, therefore, reasonable to ....
neglect ion nonlinearities in the analysis of the instability. The detailed formulation of the instability is given in Lee and
Kuo (1984b) Here we just elucidate the physical process with the aid of block diagrams and summarize the main results to * ,
examine the operation of this instability in the high latitude ionosphere. ..P

- de (ionospheric Electrn, b. ch n, ,.,+,,.o .* [ " .c

1 '
.htatlng Afel toe acting on electron. i,E, 1-i n , f. c, .n _Vt AT'°" '

,. A v c o.-,b

Figure I A po~sitive feedback loop of the thermal instability excited by whistler waves *-'-",*:.

• ...::...
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As illustrated in Figure i, the whistler wave (w.,, E,) acts as a pump to excite the lower hybrid waves (R.(w±) = w) .4

and a zero frequency mode (R,(w.) - 0) via a thermal instability. The lower hybrid waves are quasi-eigenmodes of the
ionosphere, experiencing collisional damping. Whereas, the zero fr-quency mode is not an eigenmode but a non-linearly
driven mode in the ionosphere. The lower hybrid waves and the zero frequency mode can be parametrically excited at the
expense of the whistler wave. The specific physical picture is as follows. The differential Ohmic heating of charged particles
by the whistler wave and the lower hybrid waves causes significant temperature perturbations (6T) in the electron gas rather t
than the ion gas. A thermal pressure force )-Vn.fT,) thus formed acts on electrons only and results in charge separation
(eon). A self-consistent electric field (E.) induced by the electron bunching (on) causes the ambipolar diffusion of electrons
and ions and maintains the quasi-neutrality plasma condition. The plasma density perturbation (6n). thus caused leads to
the non-uniform Ohmic dissipation of the whistler wave and the lower hybrid waves, that yields the electron temperature
perturbations in turn. These processes represent a positive feedback loop for the thermal instability.

The excitation of this instability requires a threshold. It originates in the fact that the zero frequency mode is a
nonlinearly driven mode rather than an eigenmode of the ionosphere. This off-resonance detuning effect turns out to be -

much more important than the collisional damping of lower hybrid waves. It should be pointed out that electron-ion collisions NO

do not damp the zero frequency mode because electrons and ions move together in the wave vector direction. On one hand, %. F

electron-ion collisions cause the Ohmic loss of lower hybrid waves, but on the other hand they bring in a nonlinear heating ,.

force (i.e., the thermal pressure force) for exciting the zero frequency mode (i.e., ionospheric irregularities). The optimum
excitation of the instability occurs when the whistler wave (w,.) is slightly off-resonance with the lower hybrid waves (w,) ,
viz.,

'I, ,. )
(iA+ 1, [-R (R2  

.2/,,2)02] 1
pL

where w,. -. LHl ( (M/m)(k,,/k. )21 is the dispersion relation of lower hybrid waves; R = 1- [k .Vw/2fl,iv'?1/1 -1 -

1.7S k
2

V,'2.-, where / + (M'n)(k,./k,)'/ i - )M/rn)(k,/l.) 2
l,/,. )2'. The minimum threshold field of the whistler

wave is found to be

I +~ (v, Rlw V. )11,

In terms of E,,. the optimum growth rates of the instability has the following expressions:

"'0.5 ( , k V,2/n2) [Eh ] for E' << 10 (3a) ,- -

.-. ~1.4 (p, k ,'-2,02) E, for E2 > > 10 (3b) -. ,,-

where Ep is the ratio of the whistler wave field intensity (E..) to the minimum threshold field (E,,).

The generation of ionospheric irregularities by whistler waves is first examined with the following E region parameters:
m/M(NO') 1.8 ,x 10 a, fl/2 r 1.4 MHz, wi,/2w = 3 MHz (or w,,,/27r 12.8 KHz, i.e., n, 1.1 l lOl m-

3
), o!

Vt, f.6 . 10' M/seC (i.e., T. = 300"K), WLH/
2 = 5.4 KHz , and , .v,.,, 1.0 KHz. Plotted in Figure (2a) are the -

threshold fields (curve A) of whistler waves and the scale lengths (curve B) of ionospheric irregularities as a function of
whistler wave frequencies. It is seen that irregularities with scale lenghts ranging, for instance, from 2- to 35- meters
can be produced by whistler waves in the frequency range from 5.7-- to 140 - KHz. The threshold fields are less than
I mV '"i and are generally higher for exciting shorter-scale irregularities. However, the growth rates of irregularities as shown , ..

in Figure 2(b) decrease monotonically with the scale lengths because they are proportional inversely to the squared scale -

lengths (see 3(a) and 3 (b)) Meter-scale irregularities can be generated in a few tenths of a second in the ionospheric E -

region even if the whistler wave field intensities are a few rnV/.rn

Displayed in Figure 3(a) and 3(b) are the characteristics of the whistler wave-induced irregularities in the F region, whose 6

parameters are taken to be yii M(() 1 4 It10 % 11, /2r - 1.4 MHz ,./27r 10 MHz (or ,,/2r = 58.3 KHz, i.e.,

n. 1 2 S - rn 3), 1V,. 1 2 . 10 ' 
Yn' c, -'LH/2w 8.1 Kiz, and v.. - ,., v. 1.0 KHz. The F region irregularities, V

that are excited by whistler waves in the same frequency range (- ) 140 KiHz) have shorter scale lenghts (- I - 10 meters)

compared with the E region irregularities Although higher thresholds (- :i mV -) are required, the F region irregularities

have larger growth rates For example, tieter-scale irregularities can be excited within tens of milli-seconds by whistler waves

with intensities greater than -10) ni' m %

T he range of irregularity scale lengths depends upon the frequencies and intensities of whistler waves as well as the life
time of whistler wave sources. Most lightning-induced whistler wave energy was found in the I l( to 10- KHz range with
a peak at i Kloz (Helliwell. 1965: Siefring and Kelley, 1983) Whistler waves were seeni to stay in a given range of frequencies '-

for a few tenths of a second The field ntensities of liglitning-iiduced whistlers canl be much greater than I MV/M (R.A. "

Helliwell. private cornmunncation. 1984) P'resumablv, the whistler waves of particle precipitat ion origin have a broad range of
frequencies and also have field strfngfi hs lignificantly larger than I -V ,, Then, mete'r-xcale irregularities can be favorably
excited by whistler waves in both the V and the F ionospheric regions ii less than a s. nid Tens of meter-scale irregularities -

can also be produced especially in the E region While field-aligned short-scale irregularit is will die out within seconds after

the source(s) cif whistler waves disappear. tens of meter-scale irregularities can probalN survive for a few minutes These
short-lived. short-scale irregulari ties shol Ibe easily sensed by the radar back'scat) er technique

Some experimental evidence, that indicates the excitation of proposed instability. namely, the whistler wave-produced
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lower hybrid waves and meter-"sle ionospheric irregularities, has been found. For instance, 'explosive type" of 3-meter
scale irregularities was detected by the Jicamarca VHF (50 MHz) radar in the nightime F region during lightning storms -40
(Woodman, 1984; LaHoz and Haerendel, 1984). The radar signals had rapid rise time and decayed fast. Strong signals near , .

the lower hybrid resonance frequency were recorded during thunderstorms by a rocket in the nighttime E region (Siefring
and Kelley, 1983). In experiments on the Franco-Soviet ARCAD 3 satellite, signals around the lower hybrid frequency were
also detected at times when the satellite passed over a powerful VLF (15.0 KHz) transmitter located at L = 4.0 in the
USSR (Berthelier et al., 1982). The airglow effects connected with the VLF transmitter cycle (Chmyrev et al., 1976) were
possibly related to electron acceleration by the VLF wave-excited lower hybrid wave turbulence.

3. MEDIUM-SCALE IONOSPHERIC IRREGULARITIES

The presence of intense quasi-DC electric field (typically, tens of mV/m) at high latitudes is evidenced by large plasma
drift velocities (e.g., Weber et al-, 1984). Combined with the northward (southward) plasma density gradient (Vn.,) , the
eastward (westward) DC electric field (,.) provides the source of free energy for exciting the E x B instability in the
high latitude ionosphere (see e.g., Vickrey et al., 1980; Kelley et al., 1982). By contrast, a thermal instability discussed in
this section can be favorably excited in the high ionospheric density environment (i.e., plasma blobs or plasma patches) in
the presence of large quasi-DC electric field (Lee, 1984; Lee and Klobuchar, 1984). While the E x B instability operates . -

only near the edge of plasma blobs (i.e., ionization enhancement) or plasma patches, the thermal instability can structure "
ionospheric irregularities throughout the region of plasma enhancement. The AFGL coordinated measurements of TEC and .
airglow variations performed in Thule, Greenland clearly show the appearance of large-scale (typically, a few hundreds of
kilometers) plasma patches in the polar region. Shown in Figure 4 are the TEC data recorded for two successive days,

-:,..-
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30 SATELLITE 4 ..- .
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w :.,-.-; .'I'-
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m 10.DAY 29
0:in 10.
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Figure 4. TEC measurements in Thule, Greenland for two successive days (January 28
and 29, 1984), contrasting the large TEC variation in the presence of plasma "
patches with that in the absence of plasma patches ,.'

contrasting the large TEC variation in the presence of plasma patches (ionization enhancement with horizontal demension
of, typically, hundreds of kilometers) with that in the absence of plasma patches The all-sky photometer images in Figure
5 show a group of sun-aligned arcs and a large plasma patch. The arcs are sun-aligned and extend across the whole field of
view, with widths varying between 50 and 150 kilometers, patch diameters range typically from 30o km up to I00 km
Both of these features, observed close to solar maximum, produced severe (> 25 dB) scintillations on 250 MHz signals
These large-scale plasma patches were not locally generated but were most likely convected from the mid-latitude ionosphere ,
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Figure 5. Typical 6300-A(O I) images of several polar cap F layer aurosal arcs (left) and a
large, 1000-km-diameter ionization patch (right), obtained with an all-sky imag-
ing photometer. Corrected geomagnetic (CG) noon/midnight and dawn/dusk
meridians are projected into the images at a height of 250 km. The intersection
of the meridians is the CG pole. The left image shows clearly the sun-aligned . .

nature of the F layer arcs.

The thermal instability of present interest is caused by the Ohmic dissipation of Pedersen current in the electron gas,
driven by the cross-field quasi-DC electric field. This Ohmic process (Q,) , as a consequence of electron-ion collisions, includes
the heat generation and the heat loss represented by E, Jl,(= J?/a,,) and -3N,,(m/M)v,,(T - T,), respectively, viz.,

, J/la,. - 3N,,(m/M)vi,.,(T - T,) (4) ..

where Jr(- aIE.,) and y,,(= N,,e2 ,,/mfl?) are the Pedersen current density and the electron cross-field conductivity due
to electron-ion collisions. The heat loss arises from the ion-neutral collisions, through which the energy acquired by ions via .

electron-ion collisions is transferred to neutrals subsequently. The neutrals act as a sink to remove energy directly (indirectly)'..i,
from ions (electrons). This energy loss process weakens the heat source and inhibits ion temperature perturbations (i.e.,
6T, - 0) though electron temperature perturbations (6T, ) are significant. Our detailed analysis (Lee, 1984; Lee and ''-:--
Klobuchar, 1984) shows that the threshold condition of the instability is determined by the balance between the heat '..

generation rate and the heat loss rate.

A physical picture is presented in Figure 6, that explains how the electron temperature perturbations (6T,) caused by
the Ohmic dissipation of the DC electric field driven current can couple the plasma density fluctuations (6n). As explained --ft
before, the Ohmic dissipation of Pedersen current in the electron gas only introduces electron temperature perturbations
(eT.). The resultant thermal pressure force (-- V(n.6T, )) acts on electrons and renders electron bunching (6n) . The induced
plasma density fluctuations (i.e., ionospheric irregularities) causes perturbations in the Ohmic dissipation rate (Q,) and,
consequnetly, gives rise to electron temperature perturbations )tT,) . This positive feedback loop ensures the excitation of
the thermal instability. *-
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Figure 6 Ohmic dissipation of a cross-field DC electric field driven current leading t,) the ""'.-

K excitation of a thermal instability.
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Electron-ion collisions play a key role in generating ionospheric irregularities via the present thermal instability. Their ,
important function has three aspects. (1) Electron-ion collisions cause the Ohmic dissipation of Pedersen current in the %N J
electron gas as the source of the thermal instability. (2) The threshold of the instability is determinded by electron-ion
collisions, through which, as an intermediate step, energy is transferred from electrons to neutrals as energy sinks. (3)
The scale lengths of the excited ionospheric irregularities are also determined by the electron-ion collision frequency. Two
scale-length regimes have been found: one is from tens of meters up to hundreds of meters (Regime 1), and the other one is Pre -AWK
from hundreds of meters up to a few kilometers (Regime II). They are discussed separately as follows.

Regime 1:

D.j.

A
2  s

and 6N,. 6

where D( -(- Tj..k2'mv,,) and D,(- T..v,,,k2IMO2) are electron and ion diffusion coefficients along and across the earth's
magnetic field, multiplied by k' and k , respectively; A,(= 2/kl), Alj= 2x/k(), bo, and 6N are the perpendicular
scale length, the parallel scale length, the electric field potential perturbation, and the plasma density perturbation due to•-
the excited ionospheric irregularities; f',l . (fl,), N,., and T,. (T,,,) are the ion-neutral collision frequency, the electron
(ion) gyrofrequency, the unperturbed plasma density, and the unperturbed electron (ion) temperature, respectively.

.o

As (= Di/D') -w 0.57 q
l 2 

, the minimum threshold of the instability is found to be

mL 09 (7a)

or

E,h -0.96 V,.B,, - 25 mV/m (7b)

with the substitution of Vi, (ion thermal velocity) = 7.5 x 102 rn/Sec and B,, (the earth's magnetic field strength)
3 IS* 10 W/m 2 where q, defined as I/M)L,,lD', ( (m/M)/kIr?), is the ratio of the "cooling rate" (that is,

the rate of electron energy loss to neutrals) to the cross-field diffusion rate due to electron-ion collisions, where r, is
the electron gyroradius (- 2 cm in the ionospheric F region). If O is assumed to be the dominant ion species (i.e.,
m/M(O') - 3.4 x 10 5), q is greater than untiy when the perpendicular scale length (AI = 2sr/kl) exceeds 20 meters. In
other words, the "cooling effect" of electron-ion collisions dominates over the electron cross-field diffusion in the excitation
of ionospheric irregularities with perpendicular scale lengths greater than 20 meters.

The scale length range of ionospheric irregularities can be found from (5). D'1IDj << 1 implies that = D;/DI'<< <<
D'1/D', Mv,,/rv,, - 20 where M(O0)/m = 2.94 x 104, t,,, - 0.5 Hz, and v,, = 754 Hz (i.e., N, = 5 x 10IL n-

3
%

and 7'. 1000"K assumed). Then, c 0.57 q1/2 as required for the minimum threshold ranges from 0.57 to 5.7 for
A , 20 200 meters. Therefore, ionospheric irregularities with scale lengths ranging from tens of meters up to a few '
hundreds of meters can be excited when the quasi-DC electric field exceeds 25 mV/rn. These ionospheric irregularities are
highly field-aligned according to the inequality shown in (5), namely, A2/A2 << v,,,0.,/fl, . 2.8 x 10'. It can be seen
from (4) and (7a) that the threshold condition is determined by the balance between the heat generation rate and the energy --
loss rate due to electron-ion collisions. This threshold field refers to the total field intensity rather than to an (east-west or .- :
north-south) component of the quasi-DC electric field. A quasi-DC electric field greater than 25 mV/m is not uncommon
at high latitudes.

The optimum growth rate is given by

0A. 07()v,[~ + (a' +20.7q 01)()

where , 2.15 . ( E,,,) and 31 (E.,/E,,)"- 1. The parameter q ( (m/Ml/k~r."), which is proportional to A2 , equals
unity when A is about 20 meters. It is noted that a, changes from being positive to negative, as ,. is greater than
16.i mt/m. The optimum growth rates (,,,) as a function of perpendicular scale lengths (A .) are plotted in Figure 7 for
E, l and .10 ml' m. The growth rates show strong dependence on scale lengths when E.. < 36.6 mV/m but are almost
independent of scale lengths when F., 36.6 mV/rn. The growth time, defined by I-', are generally less than 2 minutes
when F.. :i 0,mtin. tens of seconds when E,, 40 mV/ m, and a few seconds when E. 50 mV/'m.

Regime II

and
T 'N ~.

1.71 --(0 (10)T.. N, T'..-"

I "--• ".
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Figure 7. Optimum growth rates (-I,, as a function of perpendicular scale lengths (A,)
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4 30 MV/rn.

The threshold field of the instability in this scale length regime has the form of

where (2FMV,,/A,,mP,) is the ratio ofelectron parallel diffusion rate (D) to the "cooling rate" mvg/M) (i.e., the rate of
the electron energy loss to neutrals) due to electron-ion collisions. This ratio is negligibly small when A -> 21rMV,/',,,..
1 93 t1' meters with the substitution of M(" ) n 2.94 i 1',, V 7.5 102 m1 sec, and v,, 754 Hz. The threshold
field under this conditions is determined by

2 . 1., (12')

or

E, .t14 VIP1 - 2.8 IniV In (12 )

It is found again that the threshold condition given by (12a) is determined liy the "cooling effect" of electron-ion collisions. .4

Comrnbining the condition o eeto l with that give'i liv (9) deteriies the range of perpendicular scale
lengths of h le excited ionospheric irregularities ii Regimoe If. nai ate; 2 _A loo )(,,, ) 0 meters
These results show that when the quas-l) electric fli exceedis 2 rti ionospheric irregularities with scale lengths
igreater than hundreds of meters can be geierated The gro i hrates o t'he instability are given by.

,II i o iie( e a ie tl ,2 (h n I I , heeo e

-44

0,.1 M , r E _ 2, (14a) " " "

V,,I11 ,B 8,.U , (1 / 4 .-

x4.

wher b,ng the cnip,n......... ,.......~ wit IhK,,- atid tP (9 -determ is the rAsge (f erpndc.la sal --.- '..

lengtis pusithe (egtite) itshriu relrtes w oin (tenim I. nanw) , . .2 , There ,fore(. 4,I 
-  O0mtr

/' I.: -..1...
wh r 'l 1 , I. E ,)-. , 2 (- ,M1,)( ,,- 1.2a d t 2' t ', ,, ,. A " . ( }:(. m ~ ,'. ''.~
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The growth rates, that have rather small values given by (14a) for E,. E, 36.2 mV/m increase to large values %.
given by (14b) for E. - 36.2 mVire. For instance, y = 1.14 10 - (47 10 -) Hz for E., 40 (50) mV/rn It thus takes
about i inutes (2o seconds) for kilometer and larger-scale ionospheric irregularities to be developed. These growth
rates (or gra th tirnes) are comtparable to those of ionospheric irregularities wih scale lengths in Regiroe 1. llence, when E,
is sufficient I% large sa). greater than i7 otrt yr), the thermal instabliIty c an produce "a t hil a coupl,, of minutces field-aligned .- , .
ionospheric irregularities aith broad scale lengths ranging frot tens of meters to, sax. a few kilometers (allowable for a
uniforn-rnediumn approxination in the ionosphere) .-. _

It is interestIng I,, note th ,at Ihe threshold conditions (see (7b and ( 12b)) of the instabilitv turn out to be independent of
the elect rn -ion ( ll i in frequency, t fat plaN s a cruc ial r, ile I I he excit at ion of t le t hernial list ability. The reason is that, .,,*-* ..- !

first of all. ecet r.ri-ii coili rs do not damp the excited zero-frequenc) ntodes (i e , ionospheric irregularit ies) since electrons
and iors mote :ogether in ttle wave %ector direction But the "c ooiing effect" of electron-ion collisions, through which as an
intermiediate step. energy is transferred froa electrons to neutrals as sinks. weakens the heat source of the instabilty. The
thresh,,ld cond itins ar determined by the balance between the generation rate of the heat source and the cooling rate _7
Since both rates are propo rttonal to the electron-ion collision frequency. it explains why the threshold conditions finally do-
not depend upon the electron-ion collision frequency By contrast, the growth rates (see (8) and (13)) are proportional to

- the electron-ion collision frequency This is because the cross-field mobility of charged particles is facilitated by electron-ion
collisions. The establishment of the collective oscillations (i.e., the field-aligned zero frequency modes) relies oil the cross-field
mobility Therefore, electron-ion collisions enhance the growth rates of the thermal instability

The proposed thermal instabiliti cart be favorably excited in environments with high ambient plasma density, such as
plasma blobs and plasma patches in general agreement with observations. This fact can be clearly seen fromti the expressions
for the growth rates ((8) and (13)). namely,

cc v,., cic N . 1 )"-," - -

* because v,, is approximately proportional to the ambient plasma density (N,.). While the ambient density gradient (VN,,)
combined with a DC electric field (a field-aligned current) provides the source of free energy for the E B (the current
convective) instability, the ambient density gradient (VN,,) is expected to impose a convective damping on the thermal
instability. This convective damping may become significant for the excitation of ionospherice irregularities whose scale

*. lengths are comparable to the scale size (- So Kem) of the ambient density gradient in plasma blobs or plasma patches.
It probalby, dues not affect the excitation of kiloneter and shorter-scale irregularities. These ionospheric irregularities are
most interesting to the radio science community because they are responsible for the scintillations of beacon satellite signals
from VHF to SIIF bands. It should be mentioned that this thermal instabi;ity can operate in regions where the E , B
instability cannot. This instability has been analyzed as an F region instability because plasma blobs or plasma patches
appear in the F region (Vickrey et al.. 1980' Weber et al., 1984). This instability can effectively structure plasma blobs or
plasma patches with density irregularities with medium scale lengths ranging from tens of meters to a few kilometers.

4 LARGE-SCALE IONOSPHERIC IRREGULARITIES

Atmospheric gravity waves may interact with the ionosphere and cause large-scale ionospheric disturbances. TIDs N
(travelling ionospheric dist urbances) have been considered to be the maniifestation (see Iiines, 1974). It has also been believed
that gravity waves can seed or trigger the spread F irregularities. Observations made at high latitudes (e.g., Hunsuckar, 1984)

_- and at the equator (e.g . Kelley e al.. 19811 Tsunoda and White, 1981) seem to support this general view. Spatial resonance
mechanism is the widely discussed process of gravity wave-ionosphere interaction, especially, at the equator (Whitehead,
1971) However. there exist sone cases wherein the conditions for spread F do not agree with those for spatial resonance

". mechanism (Tsunoda ei al.. 198.4) We describe as follows a parametric instability whereby large scale irregularities and
"' forced on acoustic nodes can be excited tn the lower ionosphere at the expense of gravity waves. It represents a channel for

the neutral atmtsphere-ionosphere coupling

"Fith suggested scenario is ttlined i, Figure 8. To start with, the solar terminator (Beer. 1973) or a neutral wind shear
possibl) firrned in the F region cal become the potential sources of the atmiospheric gravity waves The neutral-plasma
interactott printar.jl through the neutral-ion collisions (t,,,,. ) results in a plasma instability that generates forced ion acoustic
modes and large-scale field-aligned ionospheric irregularities at the expense of gravity pump waves. 'rhese ionospheric
irregularities are tiearls zero frequency modes whose scal, lengths are of the order tif the gravity wavelengths. They are
caused by Ite collisital dissipat ton f botth the gravt it puni wave and t he excited lit acoustic niode in t lie ion gas rather
than t ie elect ron gas. blecatise the nittrals and t he iiti- have comparable iliassis for efficient interact ions. The temperature
pert urbalt on i the it n gas give ris- I,, a pressure forcv actirig on ions that leads to charge separation, viz., the plasma -.-..
density pert uratorrl it The self-consist etti htild till] il)i'd asstiia i-td with the excitation of ionospheric irregularities

* provided the threshold conditito can tic satisfied The thrishold tealt red i, termis tf neutral velhcity perturbations is
determined by the ittit cross-field diffusit dalnping In fact Irs cart be coisidlered ti be unmagnitized in the E region since . ,

Our anal),ssit has sttwn that ionospheric irregularit ies a hse scale lingth are ,irparable to those ( . tens of kilonet ers) F
, of gravity wav-s. can otrily be excited by gravity waves -it h shrt scale ngrIts ( - a few hundreds of kilometers) arid short
.' perit(i ( ,n t- hlir) The gravity waves i not produce th large-scal. irregiariltes directly in the tipper iotosphere. the

elect ri, fiel i pert urat itrs associated with t ie large-scale irregularities ixc iteil it the liwer ionosphere can extend along t he-
geounagretic field atu rrap tinto the upper tonospherv (Farle. . IO1) 'l'his proicess has Iteen usetl to explain tle filltaing

" phettnrienit iTht 1le I'( ighttl ime ionosphere spattally mdulated it h scalt lengths of the order of 25 kn tprior t the iwcurrence

of equatorial spread F(ESF) was sensed by the arrplitude scintillations of geostationary satellite signals at Ill -. in
our recent experiments in Brazil (Klobuchar and Leo, 19,l) Ioiiever. rio TFC variation was found I)isplayed it Figure 9
are the individual amplitude fluctuations recorded at five statitons ( Canipo Redondo. Sao Pedra, Ceara-Mirim. Jundia. and
Natal) with an east-west spacing up to 120 kilometers Spatially periodic structures well correlated at all five locations can
be clearly seen They appeared about 30 minutes before the onset of FSF evidenced by the drastic amplitude fluctuations
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that have been truncated at the right end of each panel. We have considered several possibilities of causing these large-scale
ionospheric structures and concluded that they were very likely produced by gravity waves via Lhe process described here.

These gravity wave-induced ionospheric irregularities can be further amplified by the Rayleigh-Taylor instability that leads
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to the equatorial spread F irregularities causing the drastic amplitude scintillations of our beacon satellite signals.

We are working along the same line on the generation of gravity wave-produced ionospheric irregularities at high latitudes.
On the observational basis, the gravity waves at high latitudes typically have periods of a few hours and scale lengths of
several thousands of kilometers (see, e.g., Hunsuckar, 1982 and references therein) though shorter period (20 minutes to I
hour) medium scale (100 - 20 kilometers) gravity waves were also observed. The potential sources of producing short-scale,
short-period gravity waves occur frequently at low latitudes, for instance, the solar terminator (Beer, 1973) and the formation
of neutral wind shear (Hines, 1968 and 1971) in the nighttime E region. However, neutral wind shear can be created at
high latitudes by, for example, the large-scale gravity waves (Riister et al., 1984) and then becomes the source of gravity
waves with short scale lengths and short periods. ESF has some well-known characteristics or symptoms, for instance, a
nighttime phenomenon, occurring frequently as the rising ionosphere began to descend. Whereas, the spread F at high
latitudes occurs in a relatively sporadic manner. The role of gravity waves or TIDs in contributing to spread F irregularities
at high latitudes were discussed by Hunsuckar (1984) on the basis of TEC measurements and ionosonde recordings. We
believe that if scintillation measurements similar to those shown in Figure 9 are performed at high latitudes, more clues to
the correlation between gravity waves and high latitude spread F may be found.

It should be pointed out that the ambient density gradient has not been included in our theoretical analysis of the
problem. It is adequate only for the description of irregularities excited on the horizontal planes where the uniform-medium
approximation can be reasonably made for a horizontally stratified ionosphere. In a general theory, the effect of ambient
density gradient has to be considered. The results will be reported in our future work.

5. SUMMARY AND CONCLUSIONS

Some sources and causes of high latitude ionospheric irregularities have been discussed in this paper with emphasis on J.
the resultant thermal effects that excite "thermal plasma instabilities". The basic processes are the generation of plasma
temperature perturbations (AT) and the subsequent coupling with plasma density fluctuations (6n). More specifically,
significant temperature perturbations in the electron ( or ion) gas give rise to a thermal pressure force, -V(n.,6T), acting
on electrons (or ions) only. The charge separation (bn) consequently formed establishes a self-consistent field, F,, that is
associated with the excitation of ionospheric density irregularities (6n). A threshold condition is required for these thermal
instabilities because the excited ionospheric irregularities are not normal modes of the ionosphere but nonlinearly driven
modes by a thermal pressure force. These ionospheric irregularities are electrostatic disturbances in nature connected with !
exactly or nearly zero frequency (i.e., purely growing) modes. Because of their standing wave pattern, these ionospheric
irregularities do not propagate. Hence, the radar echoes from these irregularities do not have Doppler shifts. ',

Whistler waves can produce ionospheric irregularities in both the E and F regions with scale lengths ranging from a
few meters to a few tens of meters. Plasma blobs (or patches) appearing in the high latitude ionospheric F region provide
a favorable environment for the instability related to the thermal effect caused by the quasi-DC electric field. This thermal
instability is effective in structuring plasma blobs (or patches) with medium-scale density irregularities ranging from tens
of meters to a few kilometers. Large-scale irregularities can be excited by gravity waves with short periods ( < I hour)
and short scale lengths ( - tens of kilometers to a few hundreds of kilometers) directly in the E rather than the F region.
However, the gravity wave-induced electric field (associated with ionospheric irregularities) in the E region is able to map
up to the F region along the geomagnetic field and then structure the F region. Short-scale irregularities generally have
larger growth rates, for instance, meter-scale irregularities can be excited within fractions of a second or at most several .-i
seconds, but the hundreds of meter- and larger-scale irregularities need a few minutes to be developed. After the sources , .

of thermal instabilities disappear, irregularities are weakened by the cross-field deffusion damping that depends upon the
irregularity scale lengths. While kilometer- and larger-scale irregularities can survive for hours, the meter-scale irregularities
decay within seconds.

In conclusion, whistler waves create short-lived, short-scale ionospheric irregularities in the E and F regions. Medium-
scale irregularities are generated throughout the plasma blobs (or patches) by the thermal instability connected with intense
quasi-DC electric field. Gravity wave-induced large-scale irregularities extend from the lower to the upper ionospheres. These
three mechanisms, characterized by various thermal effects, can contribute additively with other processes to the occurrence
of irregularities in the high latitude ionosphere. ,
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DISCUSSION

E.Thrane, NO
For your medium scale irregularity regimes, are you able to predict the spectral characteristics, such as st lopes?

Author's Reply
No, we work on a linear instability as many people did before. Unless we know how the instability evolves nonlinearly
(i.e. saturates), we would not be able to predict the spectral shapes of the induced ionospheric irregularities.

T.A.Croft, US
Since TIDs cause TEC variations, how can scintillations be attributed to TIDs when you detect no TEC variations?

Author's Reply
The spatially periodic ionspheric structure recorded in Brazil is not attributed to TECs because no TEC variations are - '2 '
associated with it. We suggest that it be excited by atmospheric gravity waves via a plasma instability as described in s,
Section 4 of our paper. The atmospheric gravity waves can be produced by either the solar terminator or a wind shear A N
in the ionospheric E region. The proposed instability operates in the region where large neutral plasma collisions
facilitate the neutral-ionosphere coupling. Large scale ionospheric irregularities induced in the E region can map onto _','
the F region along the earth's magnetic field. Large scale ionization ducts are then formed along the geomagnetic field
lines from one hemisphere to the other one.

%
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Direct, in-situ measurements of irregularities in the
mesosphere (85 - 50 km) at 69"N (Andenes, Norway )

Hans-Ulrich Widdel t

Max-Planck-Institut f~r Aeronomie, D-3411 Katlenburq-Lindau, FRG

1. INTRODUCTION

One of the problems of the physics of the mesosphere which is apparently not yet completely solved
is which hydrodynamic mechanisms can cause transient vertical and horizontal gradients of electron density
and neutral air density. Such gradients give rise to scattered signals of radio waves at different )'
frequencies. Well-known are the "partial echoes" observed on short wave frequencies below about 100 km
down to about 60 km. They seem to occur at certain "preferred" heights which seem to change with season
and latitude. _

Because the distribution of ionization at such low altitudes, once produced, is primarily controlled
by the neutral atmosphere. Investigations of the dynamics of the neutral atmosphere combined with
simultaneous radio wave measurements promise some advance of knowledge.

For probing the neutral atmosphere, the simplest method is to release a target at a certain height .%. ]
and to track its descent either optically or by radar from the ground. Such a target should have a low Z-
velocity of descent for a good response to changes of horizontal and vertical winds. The physical quantity
which determines primarily the velocity of descent of a target is the mass to area ratio, (m/A). A is the
projected area of the target into the direction of descent. If measurements are to be made at greater
altitudes (Z > 85 km) it turns out that a solid target cannot be realised technically because the required '''T ''
mass to area ratio cannot be achieved. The solid target has therefore to be replaced by a "soft" target,

for example, by a cloud of metallized plastic strips or bands. Their length should be cut to resonance to
the tracking radar's frequency ('1chaff'or "window"). To the knowledge of the author, chaff was used for
the first time for higher altitude research (at heights above 60 km) by L.B. Smith (Smith, 1960) and by
Pachomov (Pachomov, 1969). Smith's results were critizised by Rapp (Rapp, 1960). Rapp pointed out several
weaknesses of this method, as are: Limited coverage of height (because the chaff cloud dissolves quickly
at certain heights), limited accuracy of measurement, because chaff, especially "hair-like" chaff of small
diameter, has a strong tendency to become "birds-nested" during deployment: It forms lumps which, because
their mass-to-area ratio is larger than the chaff which becomes separated, fall out of the cloud, enlarge
it and by this spoil the measurement. Further, no satisfying theoretical description of the flight
behaviour of "chaff" existed for greater heights.

In 1967, Widdel developed a "foil cloud" experiment. The chaff elements were 9 mm wide metallized
Mylar foils which had an area load of 3.4.10-3 kg/m . The foils were ejected rearwards at apogee of the
rocket's trajectory. Proper means of deployment assured that at least 98% of the foils became separated.
The results of the first test flights already revealed the existence of rather strong vertical movements " .

at 75 km (Rose and Widdel, 1969). This experimeqt was used since then extensively during several
campaigns, predominantly at lower latitudes (37 N).

During the MAP/WINE campaign (winter 1983/84 at Andenes, 690N) 18 foil cloud experiments were
launched on stretched Super-Loki Dart vehicles. Because a sensitive precision tracking radar was available
for this campaign, a physically small chafS clol could be used (Widdel, 1985). On two experiments, a
"heavy" chaff (mass-to-area ratio 13.6.10- kg/m ) was used as an attempt to penetrate certain levels of
turbulence. In these levels clouds of light chaff are dissolved because their velocity of descent becomes
of the order of the vertical motions there. Previous experiments have shown that end of tracking of large
foil (chaff) clouds occurs mostly of levels at which strong horizontal shears of wind are observed
(Fig. 1).

Because foil chaff has a low velocity of descent and a small moment of inertia, it reacts almost in-
stantly on all kind of changes of movements in the atmosphere. On the other hand, the chaff cloud is not a
rigid target. The echo return scintillates in range, azimuth and elevation because it is a composition of
many individual targets. Under calm conditions, the scintillation in range, azimuth and elevation aver- -.- /-.

ages out and one obtains good tracking data. But when an orientated motion, for example, an upcoming wave,
affects the cloud, a technical effect known as "range gate-stealing" (c.f. Skolnik, 1973) might come into
play which causes the radar to "hunt" over the cloud. If radar tracking data are then the only source of
information, it is almost impossible to decide with certainty, if an irregularity seen in the tracking
data was caused by a genuine atmospheric effect or was just caused by the radar itself. Continuous
recording of the echo seen at the radar range gate remedies this situation. During the MAP/WINE campaign
the range gate echo was recorded on every flight in real time on video tape using a home TV camera and a
home TV recorder. These records helped tremendously in the interpretation of some effects seen
in the radar tracking data which otherwise could have been dismissed as being caused by the radar \
(Widdel, 1985). '

Quantitative description of the flight behaviour of chaff

In the past, results of chaff measurements were often questioned because no satisfying theory
existed which described the aerodynamic response of chaff to the atmospheric conditions found at greater ,.'.
altitudes. While horizontal wind speeds cannot be used for a check because they are too variable with time
and height, the velocity of descent can because its diving force (gravity) is known. Empirical relations
derived from the experimental results or semi-empirical formulas were used in the past (c.f. Smith, 1960,
Rose et al, 1972). They allowed an estimate of chaff response to changes of horizontal winds. Nowadays, a
fairly detailed atmospheric model is available (Cole and Kantor, 1978) which has turned out to match quite
well to reality in the context of other investigations (c.f. Friedrich et al, 1977). Because a model
represents mean conditions composed from actual measurements, best agreement should be expected between
theory and experiment when means of a greater number of experimental results obtained under same 74.7'<-.
conditions are compared with the model. Such a data bank was available from earlier campaigns (see list of
references).
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Approach

In order to obtain a fast response of chaff to changes of horizontal wind speed, its velocity of
descent should be smaller than the horizontal wind velocity. This condition already determines the flow
regime for chaff at high latitudes and sets too a limit to the height up to which chaff can sensibly used
for wind measurements (approximately 92-95 kIn). Considering the Reynolds number Re, ?_LA (9: air density,
v: velocity, d: characteristic length of the chaff, riu: viscosity of the environment)'one notes that Re

becomes very small for the altitudes under consideration (90 - 60 km). The choice of the diameter as the
characteristic length instead of the length of the chaff element follows from the interpretation of the
Reynolds number as the ratio between inertial forces and friction forces. For such mall Reynolds number,
the drag coefficient CO in Prandtl's expression for the drag force, FD = CD.A.(p/2)v (A: area of
the object) becomes simply C _ _.

(c.F. Hoerner, 1965 and other textbooks)

Inserting the relevant expressions for ino(viscosity) and density p which relate them to molecular
gaskinetic properties one obtains a formula which describes the velocity of descent of "chaff" in a dense
atmosphere (mean free path of the molecules << diameter of the chaff). (First part of the formula to
follow). 6

For greater altitudes however, we have to take into account that the diameter of the chaff becomes smaller
than the mean free path of the molecules at those heights. The flow regime there is not defined by the
Reynolds number alone but also by the Knudsen number, Kn, which is the ratio between characteristic length
d and mean free path length. A proven approach to take into account Knudsen flow conditions is to
introduce the Cunningham correction of viscosity .,

which has to be modified to I because the original Cunningham correction does not take into

account the "lift" caused by the wake behind a moving body. The numerical value of constant C is obtained
through a separate consideration (Energy transfer to a moving body). The final result is then:

(g: gravity acceleration, o: molecular collisional cross section, M: Mean mass of air molecules,
k: Boltzmann's Constant, (m/A: the mass-to-area ratio of the chaff, T: absolute temperature, p: air L,
density. %

With mean molecular mass of air (29.3) and o = 5.10 19m2 (Banks and Kockarts, 1973) one obtains a
convenient engineering formula fo5 the velocity of delcent in m/s: [224735(m/A).d + 0.54842.(m/A)/p]/'-
(m/A) has to be inserted in kg/m , d in m, p in kg/m ). This relation reveals why density and temperature

cannot be derived from the vertical velocity of descent of single kind of chaff, but opens (on paper) a
possibility to determine air density and air temperature in a calm atmosphere from the descent velocities
of two kinds of chaff flown simultaneously. The two kinds of chaff used for such an experiment should at
least differ in diameter.

The velocity of descent for chaff 1, VI, is given by: 1 /1 ' " '

I,-IF

that of chaff 2 by: V p- 
,)

I. " '." p,,-
from which immediately follows :
for density Y,E - v,

Y = 0".F -v, ,.

and for temperature ," _E _
-  P Z  "

provided that the atmosphere is free from vertical movements (waves) or that the waves can be removed
from the raw data by some reasoning. However, one should consider that this theoretical approach given
here might be incomplete because it yields a velocity of descent which depends, besides on
mass-to-area ratio, (m/A), on the diameter of the chaff, d, only. This might not be true. For a complete ',.,* ,
check of validity results of experiments done with different lengths of chaff but of same mass-to-aera
load should be investigated and compared with the results of the theory presented above. Such work has
started but was not completed at time of writing.

Check of validity

The bulk of chaff data used for verification was obtained with 9mm wide S-band chaff (48 mm long).
This chaff had a mass-to-area ratio of 3.4 q/m . Temperature and density data given by the USAF Standard
Atmospheres (Cole and Kantor, 1978) for the relevant months and latitudes were converted into velocities
of descent. These velocities were compared with the means of measurements as was mentioned already.

N'..". *
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Fig. 2, 3, 4 and 5 shows the result which can be considered as satisfactorily.

A further test on validity was possible because the results of another experiment were available. In
this experiment, two chaff clouds were released simultaneously. Each cloud was tracked by a separate radar
of samie type and performance (both radars were MP'S 19). The two types of chaff differed by weighl-to area
ratio and diameter: Chaff 1: 2"Standard" chaff, 9 mml wide, weight to a area ratio (in/A) = 3.4 9/m . Chaff
2:3nmm wide, (in/A) = 13.6 g/m . The relevant velocities of descent were calculated from the USAF Standard
atmosphere and both, theoretical values and measured data were entered into the plot of Fig. 6. The
"kinks" seen in the plot were caused by vertical wave motions which affected the descent of the clouds at
different height at different times. The amplitude of this vertical motion was 3.1-3.7 m/s.

Consequences and results

The result suggests that a properly designed chaff cloud can be considered as a droplet of a heavy "

fluid moving under gravity in an incompressible flow. From this it follows that diffusion, often cited as
the cause for a premature ending of radar tracking, should be small during descent and that the cloud
should not change much its dimensions unless external forces act upon it. This was proven by the records IiI~
of the radar range gate echo. Two examples are shown in Fig. 7. The legend of Fig. 8 explains how the TV
records were evaluated. These two examples were chosen because they display some interesting
peculiarities. After deployment, a "triangular shaped" pattern is seen in the range gate echo evaluation :'~
record. This triangular-shaped pattern disappears about six minutes later. After this event, the echo -

width remains, in essence, constant. This indicates that the conclusions drawn about the flight behaviour
of an undisturbed cloud are valid. One is tempted to assign this triangular-shaped structure to
"a drop-out" of lumps of chaff which fall faster than the main cloud comprising separated foils
("rain-out") and that these lumps get out of sight of the radar later on. The corresponding height vs time
of flight plots which show the radar raw data plotted at 1/10 sec interval of time seem to confirm this: . ~
(Fig. 8, and 9): Initially, the radar follows one target, then a separation occurs and the radar tries to
follow two targets simultaneously up to a certain paint where the faster-descending chaff gets out of %,'~
sight of the radar beam. Only an analysis of the velocity of descent reveals what really has happened: The*
initial velocity of descent of the cloud after deployment and that of the faster descending target
corresponds fairly closely to the velocity expected at that height from theory, while the velocity of
descent of the main cloud is far too low: It would correspond to a height 10-12 km lower than the level in
which it was measured. Further, the height vs time-plot does not show a monotonous decrease of velocity of

* ~descent with height but a wavy structure. This means that the descending cloud was intercepted by an .*= ~
upcoming wave drifting in the wind. Vertical motions were more the rule than the exception at heights ~-

* below 80 km. "Holds" and "flare-outs" in the height vs time plot of the chaff descent were observed rather
frequently. A typical example is shown in Fig. 10. This wavy structure is linked to the horizontal wind
speed and wind direction. Fig. 11 shows two examples. The wind vector is entered by magnitude and
direction at the relevant heights. Occasionally a "hold" in the z(t) plot (which sometimes shows positive,
vertical motions directly) degenerates into what can be best described as a "hopping motion". On one
flight, an extreme case was observed in that this "hopping" repeated four times until the cloud dissolved
in turbulence. (Fig. 12, Flight-M-C7). The radar ground track (projection of the foil cloud trajectory
onto the Earth's surface) showed that each time a "hop" occurred, "the cloud stepped to the side". Without
further information one would dismiss such a case as being caused "somehow by the radar". The range gate
echo record however, shows that the cloud was affected as a whole and remained together until it was
dissolved. This at first sight perplexing motion can be explained as the result of a (laminar) separation
of flow of the kind recently described by Hornung and Perry (1984), and Perry and Hornung (1984). Because
hydrodynamic flow and magnetic fields both follow the Poisson equation, interactions between vortexes and
steady flow can be simulated and studied by appropriate magnetic fields (Fig. 13). Using a plate covered
with iron filings as a detector, one obtains "footprints" which can be interpreted as "flowlines" or

* "skeleton lines" (c.f. Hornung and Perry, l.c). A footprint of an interaction between an upcoming vortex
and a steady flow explains what was observed during flight M-C7 (Fig. 14). The results of this flight and
those of some others are discussed in more detail in a separate paper (Widdel, 1985). Separation of flow,%
as it turned out, was by no means a rare event, but it was observed on many flights in the range gate echo.4
records only. One example is seen in Fig. 7, another in Fig. 15. Nothing peculiar is seen in the radar
ground track when the flow separation occurred. In this peculiar case (Fig. 15) the split-up echo became
stronger than the echo the ridar was trackinq. This indicates a vertical motion by which the density of
foils (number of foils per m ) becomes larger as a consequence of incompressible flow. When the descent of
the cloud is decelerated, the cloud should widen up. This causes a dilution of the foil density and
split-up of echos. This, in turn can lead to what is known as "range-qate-stealing" (c.f. Skolnik, 1973):
The range gate moves to the stronger part of the echo within the range gate, and the radar starts to "hunt
over the cloud". Such effects were observed preferably at lower altitudes (...75-78 kin) where vertical
movemsnts are more the rule than an exception. They were seen in southern Spain (37.6 0N), White Sands
(32.4 ) and over Wallops Island too. An effect which might be more frequent at northern latitudes (but
this cannot be proven yet due to lack of data) is an "explosive" destruction of a foil cloud in what isA
believed to be turbulence (Schinidlin et al, 1985), (Fig. 16, Fig. 17): Such an event was observed when
aurora activity was strong: The descent of a relatively small cloud (remainder of a larger cloud which%
disintegrated at a qreater altitude) ceased. The cloud was lifted and broke up, spreading upwards. The%
interesting thing is, that, judged from the data, part of the cloud seemed to descent "normal" - it was .

occasionally tracked by the radar while the other part was spread upwards. The radar ground track (Fig.
17) suggests that the spread caused by turbulence was larger in the vertical than into horizontal
direction.

J Turbulence itself is seen in the chaff data at certain heights but difficult to evaluate
quantitatively. An attempt is made now to obtain quantitative data from the radar return signal strength
of the chaff (AGC voltage of the radar). This analysis is not yet completed.

The high resolution of the radar together with the physically small size of the foil cloud revealed '.

that strong shears of wind (both in speed and direction) seem to occur in very shallow intervals of height
sometimes less than 150 m thick leading to "wind corners" (von Zahn and Widdel, 1985). An example for
such a "wind corner" (change of direction of wind by 90 degrees) is shown in Fig. 18.
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The mechanism which produces such "wind corners" (wind corners are by no means a rare effect or confined
to northern latitudes) has still to be investigated.

Concluding remarks

It was shown that small foil clouds, together with proper techniques of observation can be used to Q
study in detail a number of dynamic effects in the neutral atmosphere with high spatial resolution. This P mv
high spatial resolution revealed that some atmospheric structures seem to be very local. Further, the
radar range gate echo records showed that the radar tracking data do not always tell the full story what
had happened. To obtain a better picture, more than one chaff target, separated in space, should be
tracked simultaneously. This calls for a 3D-multiaquisition-multitarget radar for tracking.
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Fig. 1: Indication that foil (chaff) clouds break
up in horizontal windshears. Left: Frequency of

0.2 0.3 OA occurrence of windshears larger than 40 m/s/km
950 (Si) =Number of observations of shear 4

93 m > 40 m/s/km (Ntot) = Number of total observations92 (flights) at height j. Dots indicate significant
90 correlations between change of horizontal wind and
8change of (winter-anomalous) radio wave absorption.

is, 0 'Right: Number of break-up events observed at height6 r* iZ. Lower frequency of occurrence at lower height

a a has a trival cause: The cloud broke up at greater
--- '( oheights already. Heights in which strong shears

79 1 occur most often coincides with heights or are
7 1 slightly above heights in which break-up of cloud
76 ... : was observed most frequently. Large foil clouds
757
7 (100.000 foils), 37.60N, winter. Chaff: 9 mm wide,- 7 m foils, mass-to-area ratio (m/A) =3.4 9/m2.
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MODEL: COLE AND KANTOR. 1978 > MAY 30*NIMAY 4S'N
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Fig. 2-5: Results of a comparison between calculated velocities of
80o descent using temperature and density data from the Cole and Kantor

model with means of measurements. Deviation from eApectation seen at .T.,..
60 lower altitudes in the data for May can possibly be explained by the
so fact that these data do not represent averages but are results from
40 a single flight.

30

2 0 Fig. 6: Comparison between results ob- . . .

* tained with "li~ht" chaff (area load
(in/A) 11 3. / idth = 9 mm) and

MOoEL "heavy" haff (area load: (m/A) =

0. OO13.6 g/m , width d = 3 mm). Both clouds
VELOCITY OF DESCENT VS. HEIGHT COLE AND KANTOR were released at the same height at

6 NOVEMBER 1980. 69N 0 OCT 4s*N the same time. Quasi-straight line: .
S THREE FLIGHTS! ANOENES: Expected velocities calculated fo

KIRUNA: frmI
% model atmosphere October 45°N/30ON

% (no significant difference in model).
3 C T KO R U 78 "Kinks" caused by vertical upward

2 - NOVEMBER 75*N motion (3.5 m/s): The heavy chaff was
hit first, the light chaff later at

20 greater height. Good agreement between
"direct" measurements (derived from the

7o 72 76 76 T1 8082 8 86 O 90 92 RI 2 individual chaff-measurement) and
HEIGHT, r/m '0 height/time difference. 3.75 m/s % %'

(direct) 3.11 m/s (height-time differ- ;,-
ence).

0 10 20 /0 40 -A,
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Fig. 7: Two examples of a range gate echo record
evaluation

Small foil clouds (23000 foils), C-band fojils, 24 mm 45 - ALT
long, 9 mn wide. Mass-to-area-ratio 3.4 g/m2. Method
of evaluation explained in legend of Fig. 8. Width
of radar echo remains about constant for a long time
unless external forces act upon the cloud (vertical -- _ "
winds, turbulence). Widening of echo short after - - 6-" " ",
deployment (arrows) seen on both flights looks like Z=67k n

..

a drop-out of lumps of chaff from the cloud but is
in fact caused by an interaction with an evanescent -
wave. (See also Fig. 9). Evaluation at 15 sec inter- -=;L--

val of time.

*OAA RANGE GATE Z:4n
CENTER

AN 4hi *Akl 60

I I m_.ZlO LEVEU 7b

2 Fig. 8: Method of evaluation of TV records of the radar
3 range gate echo on the TV-screen: The echo output from .

the MPS-36 saturates at a certain level (level 4). Four
(SATURATION LEVEL levels were marked on the screen, a strip of paper was

laid on them and the width of the echo which exceeded '' -
PAE SPP the level was marked on the paper. Start was at level 1,

and at level 4. The result wos transferred into an echo
width vs time plot.
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011•1"I VEL CfITLOT
FROM MODELF

-a .
DESCUIE"T VELOCITY
FROM MODTEL

A 3.0' -23.39 .1.

VTRBULIENCE 3

a a2

..........2 7.27 4 A3 UTLI, 1  . , ~TT 2.02 UIT

-9a 9bN.,.

.9.'. wig. 9: Height-vs-time plot for the first minutes of the two flights shown by Fig. 7. Short after deploy-
ment, the velocity of descent corresponds closely to what should be expected from model calculation, but
is then decelerated. The target which falls faster is tracked intermittently by the radar, becomes lost
later but is still seen in the radar range gate record. (Fig. 7)
An upwards moving wave (vertical velocity of order 7-9 m/s) was observed in both cases which carried 'most i' '*

of the chaff away. The radar ground track (projection of the foil cloud trajectory onto the Earth's
surface) shows just a small "kink" which one would assign to a "tracking error of the radar".
Data: unprocessed radar raw data, output at 1/10 sec interval of time.

75

06 OEZEMBER 1983 Fig. 10: Typical heights vs time plot ob- --
STARTZEIT 1049UT tained during the MAP/WINE campaign,

Andenes, 690 N. Unsmoothed radar raw data
"3 (radar plotter output). Rate: I point per

6 sec. "Hold": descent of cloud stops for %

S70 a certain while. Velocity of descent ,=..
%.'.- v = o or even positive . Flare-out: cloud

remains at a certain height for a longer .'

Z time. End of tracking caused either by dis-
solution of the cloud in turbulence or
caused by lack of time.

65 So0 1000 I0 2000 4.

SEKUNOEN NACH AUFFASSEN DER FOLIENWOLKE "

10

MC03 07.12.1983 MC08 21.01. 1984

-N N
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77- 77 -

75 .~-,
7 5- 7S -

4173- 73 -
I I I I

1720 1730 1140 1150

UT

F*-. 71: Linkage between horizontal wind structure and deceleration resp. acceleration of descent. Length
of wind arrow (meteorological convention) proportional to wind speed. Wind direction: angle in compass
card. Wind obtained by smoothing (polynomial fit through raw data. Winds provided by W. Meyer, ,.
University Bonn). %
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MODEL EXPERIMENT FOR FLOW INTERACTION
I II IAND FLOW BIFURCATIOWN

a [r. AFTECR H4ORNUNG AND PERRY. 1"441

~~AIM

IT ITT( .1.4'00.N F0a

LA(TETWB FO FLOW I OOLO p.C1

SOLEINOO TO PROOLICA

F:LL LINS
iPARALLIL FLOW

900

- Fais descent
MCO Oi'3JAM84,2020 -2038 uT r

80

A B COD

75-~~
*0 5 10 75 20

Minutes after release%

12 13

Fig. 12: Degeneration of a "hold" into a hopping motion of the chaff. Radar raw data plotted at a rate of
1 per six seconds. Each time the chaff cloud is pushed upwards (A, B, C, D) the cloud is moved to the east
("stepping sideways"). Upper part of the figure (range gate echo evaluation) shows that, in essence, the
whole cloud was affected by this movement. -

Fig. 13: Flow simulation experiment of Hornung and Perry (1984): A steady, parallel flow is simulated by a
homogeneous magnetic field realized at the interior of a long solenoid (hydrodynamic flow and magnetic .

fields obey both the Poisson equation). A vortex is simulated by the magnetic field of a DC current in a
wire. Approach and leave of the vortex is simulated by the bend of the wire. Interaction between the two
fields is detected by a plate covered with iron-filings. The interaction causes a "footprint" on the plate.
Top: Experimental setup, middle: experimental result, bottom: result of calculation (all after Perry and
Hornung, Zeitschrift fUr Flugwissenschaften und Weltraumforschung, B p. 155-160, 1984).

so-.- .

fail experimentf M C7

NER Jon 13. 198412020-2038 UT

RADAR Groun~d frock

Fig. 14: Application of Hornung and Perry'siI
"footprint" experiment onto radar ground track of .

-A flight M-07.
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RANGE( GATE
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"i g. 15: An example of separation of flow which is seen
only in the radar range gate echo record. Nothing %
peculiar is noticed on the radar ground track. The 50- --

intensity of the split-off echo became occasionally
larger than the main echo on which the radar looked Y kmI _ .

on. O"

Fig. 26, 17: Example for an "explosive" destruction 48- -:

of a foil cloud in turbulence. Fig. 16: Look from
the east onto the radar trajectory in the height
vs south-north plane. Fig. 17: Radar ground track. .-- _--.--,-,-
Radar raw data, plotted at a rate of 1/sec. I

46 - .t

3% -- -- - -

Foil experirent M-C4 - _

Dc.OZ1963/ 1847-1924UT
20- ~~~~RADAR Ground track 4 _______

2 -1 0 1 2
808K.X [kml

Km tO- 10
17

,o -- ... . . . . -,o -RADAR

30 20 10 0 10 20 30
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18.,

*ig. 18: Example for a "wind corner" seen in the radar ground track at Z 80.8 km (wind veers off

by 90 degrees within a height interval of less than 300 m). (von Zahn and Widdel, 1985).

4° ".. ,o



7.5-10

DISCUSSION

F.Christophe, FR
Do you think a Doppler measurement could improve the knowledge of the phenomena?

Author's Reply
Yes, I wished the MPS 36 would have had true Doppler capacity which it hasn't. I see an improvement in a monopause
pulse-compression radar with 3D - capability. At present I try to analyse the AGC recorded at I / 10 sec intervals, but
this work has not yet been completed, so I don't know if this approach yields reasonable results or not.

E.Thrane, NO
Have the flow bifurcations you refer to been observed in the upper atmosphere?

Author's Reply
Yes.

* . . .,% -
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SUMMARY OF SESSION Vill

Low Frequency Propagation

by

Mr J.Taaghoh 'V
Session Chairmian

.. rThe subject of the session was conditions of important for low frequency propagation in the ionosphere's lower D- '

region and at the Earth's surface.

Field presented lower ionosphere conductivity profiles which were derived from oblique VLF soundings in North
Greenland during a large solar proton event. The results obtained were compared with conductivity data derived from
satellite measurements of the proton flux, at various energies. Although the results obtained from the two data sources differ, -

both methods show a conductivity during a solar proton event, which exceeds the conductivity during undisturbed Z.
conditions, by two or more orders of magnitude.

Prolss presented a study which comprises theoretical calculations and measurements of lightning discharges. The
maximum spectral energy of the pulses are typically in the 5-9 KHz frequency range. The lightning discharges seem to be
the predominant natural source of electromagnetic energy in this frequency range, and the analysis has shown, that it is ,.

possible to determine the propagation characteristics of the Earth-Ionosphere waveguide at VLF frequencies, by receiving
the signals from this source at a distant location. In addition it is possible to determine the location of thunderstorm areas.
Absence of signals can be caused both by lack of thunderstorms or by propagation-related factors.

In a second paper, Field presented a study which concerns unexpected attenuation of ELF signals in the Gulf of Alaska
during PCA events. Calculations show that the attenuation might be caused by refraction of the ELF field into the Polar Cap
during PCA events.

Stokke discussed ground conductivities with particular emphasis on the high latitude region. The earth's conductivity is

a determining factor for low frequency propagation. Typical values of arctic ground conductivity, which can vary by six
orders of magnitude for different types of terrain was presented. The importance of including information on the seasonal

* variation of the earth conductivity in the Arctic areas in the first edition of the CCIR conductivity atlas was discussed. An .

* atlas is planned for publication during the fall 1985.

%a
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CONDUCTIVITY PROFILES OF THE DISTURBED POLAR
IONOSPHERE FROM VLF REFLECTION DATA

P. A. Kossey and J. E. Rasmussen E. C. Field and C. R. Warber
Rome Air Development Center Pacific-Sierra Research Corp.
Hanscom AFB, Massachusetts 01731 Los Angeles, California 90025 0.1

$ SUMMARY

Two independent techniques are used to determine conductivity profiles
of the lower polar ionosphere during a strong solar proton event (SPE).
The first method inverts reflection coefficients measured with a ground-
based VLF sounder; the second uses proton fluxes measured on board
satellites to calculate ion-pair production rates, which, in turn, are
input to lumped-parameter de-ionization equations. Conductivities deter- A
mined by the two methods exceed ambient by two or more orders of magni- 2. "

tude, but disagree by up to an order of magnitude at altitudes between
fifty and sixty kilometers. Full-wave calculations are used to predict
the effect of the SPE-disturbed profiles on long range VLF propagation
in the earth-ionosphere waveguide. The SPE is found to suppress the
geomagnetically converted transverse electric field radiated by a ground-
based vertical electric dipole.

1. INTRODUCTION

The lower ionosphere controls the propagation of long radio waves in the earth-ionosphere
waveguide. Depending on the season, time of day, location, and solar activity, the most
important altitudes lie between, say, 40 to 100 kilometers. Use of rocket-borne instru-
ments to make direct measurements of the ionosphere's conductivity throughout that alti-
tude range is difficult, so indirect methods are often used. The present paper compares
profiles determined from two such indirect methods: (1) inversion of long-wave iono-
sounding data, and (2) chemical calculation using particle flux data. It obtains
conductivity profiles for a strong solar proton event (SPE), and calculates the effect
of those profiles on very low frequency (VLF) communication signals.

2. 23 SEPTEMBER 1978 SPE REFLECTIVITY DATA

Figure 1 diagrams the VLF/LF pulse ionosounder, developed by the Rome Air Development
Center (USAF). The pulses radiated by the vertical antenna are so short that the ground
waves arrive and are recorded before the arrival of the ionospherically reflected sky
waves. The data are therefore free from groundwave and multi-hop-skywave interference.
Although the transmitted pulses are vertically polarized, geomagnetic conversion causes
the received skywaves to be elliptically polarized. Crossed-loop antennas receive and
separate the "normal" and "converted" components of the skywaves. More detailed descrip-
tions of the facility and its use are given by Lewis et al., [1973] and Rasmussen et al.,
[1980].

The data used in the present report were measured with the pulse transmitter located at
Thule Air Base in Greenland. The receivers were 106 km to the north in Qanaq, Greenland,
and were operated by the Danish Meteorological Institute. Those locations are ideal for .,.°
studying the lower polar ionosphere, especially during disturbances such as energetic
particle events.

After Fourier analysis of the received pulses, plane-wave reflection coefficients and
effective heights of reflection are derived over most of the VLF spectrum. Fig. 2 shows
examples of the reflection coefficients at local noon on 21, 23, and 18 September 1978.
A strong (10 dB riometer absorption) SPE began at 1100 UT on 23 September. Also measured,
but not shown, are the group reflection heights and the phase of the reflection coeffi- '
cients. The group heights averaged around 82 km before the SPE (21 September), dropped
to between 50 and 55 km on its first day (23 September), and recovered to between 60 and
70 km on its fifth day (28 September).

3. INVERSION OF REFLECTIVITY DATA FOR 23 SEPTEMBER 1978 EVENT

Fig. 2 shows that the normal reflection coefficient increased during the event, whereas
the converted coefficient decreased. That decrease in conversion is caused by the pulse
being reflected from reduced altitudes, where numerous collisions between electrons and
neutral particles disrupt the electrons' rotation in the geomagnetic field. Because the
normal coefficients substantially exceed the converted ones during the event, isotropic
inversion theory, which uses only the normal reflection coefficient, will provide accu-
rate conductivity profiles [Field, Warren, and Warber, 1983]. To illustrate that fact, ., .<
we will also give results from the more complex anisotropic theory, which uses both the
normal and converted coefficients [Warber and Field, 1984].

Since the theory is discussed in the above references, we summarize the isotropic inver- % .\-\
sion method only briefly. The anisotropic method uses the same logic as the isotropic
one, but matrix operations must be used in place of scalar ones. Fig. 3 diagrams the
method, which calculates successive approximations to an initial guess, a0, for the con-
ductivity profile. We have found the final profile to be insensitive to the initial
guess, as it should be, although a good initial guess does cause the iteration to converge
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more quickly. In Fig. 3, the index i denotes the set of frequencies used and R denotes
the normal reflection coefficient, R, which is calculated from the well-known equation

-2i dR . Cn 2 (1 R) 2  2 n C (+R) 2 (i

where r

n2 (z) 1 - i a(z)/w 0  (2)

2 F N

C -cosine of incidence angle

and

2 2  2
q n -( C

Equations (1-3) are valid at heights below about 70 km where the collision frequency vy
exceeds the gyrofrequency. Note that the inversion can determine only the total conduc-
tivity; auxiliary data on collision frequency and ion masses my are needed to extract '

number densities from Eq. (3).

lonosounding characterizes the conductivity only within the height-range where the iono- 'ef
sphere affects the ground-level reflection coefficients. Consequently, the inversion of
VLF/LF reflectivity data can define the ionosphere within a height-range about 10 km in t.''
extent, but not at greater or lower heights. Fig. 4 illustrates that behavior and serves
as an example of a validity criterion that we apply. It shows the height dependence of
the upgoing wave's magnetic intensity H, normalized to unity at the ground and calculated
for a profile representative of those that occur during a strong SPE. At low altitudes
where H - I, the ionosphere is too rarefied to reflect or absorb the wave, whereas at
high altitudes where H < 0.5, the signal is weak and the return small. The hatched re-
gion most strongly affects the reflection coefficients and, therefore, indicates where
the inversion can be trusted.

We have inverted the reflection coefficients shown in Fig. 2, using both the isotropic
and anisotropic calculations. Fig. 5 shows the results, which we have expressed as
equivalent electron density by assuming a nominal collision frequency profile and apply-
ing Eq. (3). Both profiles are plotted only within their region of validity, as deter-
mined from criteria like the one illustrated in Fig. 4. As expected, the two profiles
are nearly identical. We emphasize, however, that neglecting the converted signal and
applying the isotropic method is valid only for strong disturbances that suppress the
reflection height to well below 70 km.

4. PROTON FLUXES DURING THE 23 SEPTEMBER 1978 SPE

During the 23 September 1978 SPE the GOES-2 geostationary satellite measured differential,
omnidirectional proton fluxes in four energy bands defined by 4 to 8, 8 to 16, 36 to 80,
and 80 to 215 MeV. Although the satellite was not on the same geomagnetic field line as 7-

the ionosounder, experience has shown the proton flux to be fairly uniform across the polar .,
cap once the onset phase of an SPE has passed. The fluxes measured on board GOES-2 should
therefore represent conditions on the field lines that intersect the ionosphere above Thule.

Calculation of ion-pair production rates in the ionosphere requires knowledge of the proton
flux in a large number of narrow energy bands between about 1 and 300 MeV. Because GOES-2
used only four coarse energy bands, we must use an analytic fit to the spectrum in our cal-,,,. ,

culations. The following empirical formula often gives an excellent fit to the integral .?c ,
flux:

J =0 e protons/cm -sec-sr (4)

where .'

R = E2 +2EE 0  MeV

E0 is the proton rest energy, and J0 and R0 define the strength and energy rolloff of the .. :
integral flux.

.Y'I
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The National Oceanic and Atmospheric Administration (NOAA) has fitted Jo and R0 to GOES-2
data throughout the 23 September SPE [Sauer, 1983]; Fig. 6 shows those pits for the first
16 hours. The strength, indicated by Jo, increased with time. The effect of that strength
increase is partially cancelled by the decrease in R0 which indicates a softening of the
spectrum and, therefore, a reduction in the fraction of protons that can penetrate to
altitudes that govern long-wave reflectivity.

S. PRODUCTION RATES AND DE-IONIZATION EQUATIONS

The first step in computing the ion-pair production rate q is to divide the integral flux,
defined by Eq. (5) and Fig. 6, into energy bands so narrow each one can be assumed mono-
energetic. Then we use curves of ion-pair production by monoenergetic protons, such as
given by Reid [1978], to synthesize the total production rate profile. Fig. 7 shows pro-
duction rates calculated for local noon and local midnight at Thule during the first day
of the 23 September SPE. Although substantial, the production rates shown in Fig. 7 are
much smaller than some given by Reagan et al., [1981] for earlier, stronger SPEs.

The production rates are inserted into the three-species, lumped parameter deionization
model, which gives the following for the electron density Ne, and the positive ion density
N, at height h.

(q + D) ,,

Ne(h(6)-Aq+)6eh) [A + D + adN. (h)] :

q
N+(h) = - , (7)

where

Aai + Dad + aiad (A + D"" 1/2

L =. (8)

A + D + ai  1  D 1/

In the above equations, A is the attachment rate, D the solar detachment rate, and ai and
ad are the ion-ion and electron-ion recombination rates. Air chemistry models exist which
are more detailed than the one used here and which account for many more ionic species.
However, uncertainties in the reaction rate coefficients limits the accuracy of even those
very complicated models.

We put reaction rate values suggested by Knapp and Schwartz [1978] into Eqs. (6), (7), and
(8) to determine the electron and ion densities. We then apply Eq. (3) to convert those ' " %
densities to conductivities. The curve labeled "air chemistry" in Fig. 8 shows the result-
ing conductivity profile for local noon on 23 September. For comparison, Fig. 8 also shows
(1) a nominal ambient mid-latitude daytime profile, calculated from the model of Pappert
and Moler [1974], and (2) the profile obtained by inverting the ionosounder data. The .X
latter profile corresponds to the equivalent electron density plotted in Fig. 5, and is
extrapolated to heights above and below the range where the inversion is valid.

6. COMPARISON BETWEEN PROFILES CALCULATED FROM INVERSION AND AIR CHEMISTRY

Figure 8 shows that the conductivity profile obtained from inverting reflectivity data
and the one obtained by solving de-ionization equations substantially exceed the nominal t. -

ambient conductivity, as expected. However, despite pertaining to the same time and
location, they disagree by up to an order of magnitude in the 40-to-60 kilometer height
range. That disagreement could be caused by inaccuracies in either the air-chemistry
model or the inversion process.

Reaction rates are imprecise, with the recombination coefficients known no better than to
within a factor of three. As a check on the chemical calculation, we re-computed the con-
ductivity, using the production rates shown in Fig. 7, but varying the reaction rate coef-
ficients throughout their generally accepted range of uncertainty. Although deviations "\,"
from the conductivity profile shown in Fig. 8 did occur, in no case did the agreement .' .t.
between the "air-chemistry" and the "inversion" profiles improve substantially.
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As a test on the inversion's slf-consistency, we generated artificial reflectivity data
by integrating Eq. (1), using the "air chemistry" profile from Fig. 8 as an input. We
then applied the isotropic version to those calculated reflection coefficients. Fig. 9
shows that the calculated and input profiles agree closely in the S0-to-60 kilometer
height range. As expected from the validity criterion plotted in Fig. 4, agreement out-
side of that range is poor.

We conclude that the disagreement shown in Fig. 8 is not caused by mathematical inaccu-
racies in the inversion.

7. EFFECT ON TRANSPOLAR VLF/ELF PROPAGATION

Several studies have shown that strong ionospheric disturbances--natural or manmade--can
increase attenuation in the earth-ionosphere waveguide and thus degrade long-range VLF/LF
signals (e.g., Field [1970]; Westerlund et al., [1969]). Moreover, that degradation is
worse for signals that pass over poorly conducting ground, such as occurs in Greenland
and parts of Canada, than for signals that propagate over, say, seawater [Field, 1981;
Westerlund and Reder, 1973]. Not all strong SPEs cause severe VLF/LF degradation, how- .
ever. Calculations show that, despite causing high riometer absorption, the 23 September .
SPE would affect the amplitude of a TM signal only modestly. We therefore examine its ,
effect on the geomagnetically converted signal component.

Long-range VLF/LF signals consist of modes that propagate in the earth-ionosphere wave- I .,

guide. When the geomagnetic field is ignored, a vertical electric dipole (VED) excites
only transverse-magnetic (TM) modes, whose electric vectors are in the plane of propaga-
tion and mainly vertical. When the geomagnetic field is accounted for, however, a VED
also excites an electric vector normal to the plane of propagation, because: (1) the TM
mode--now a quasi TM mode--contains a transverse electric field, and (2) the TM modes are
coupled to quasi transverse-electric (TE) modes, whose electric vectors are mainly hori- '-

zontal and normal to the propagation plane. For discussion purposes we will not distin-
guish between those two generation mechanisms and refer to the transverse electric field
simply as the "TE" field. Similarly, we will call the vertical electric field radiated
by a VED the "TM" field.

Although usually unimportant near the earth where the impedence is low, TE fields gene-
rated by ground-based VEDs can be received by elevated antennas. For certain orienta-
tions, an elevated antenna can more easily receive a TE signal than a TM signal. In
addition, geomagnetic conversion of energy radiated by cloud-to-ground lightning strokes
can be an important source of atmospheric noise a few kilometers above the ground.

Figure 10 plots calculated TM and TE fields for a height of 30,000 feet. The transmitter .-

is a 100 kilowatt ground based VED; the frequency is 20 kHz. Graphs are plotted for sig-
nals propagating in waveguides bounded on top by the three conductivity profiles shown in
Fig. 8. We used a full-wave numerical calculation that accounts for the vertical inhomo- .'.,

geneity of the ionosphere and the curvature of the earth, and retained up to 14 waveguide -

modes, as needed (see Budden [1961]; Pappert [1970]; Field [1970]). Because the calcula-
tion includes the geomagnetic field, the charged particle densities and collision fre-
quencies must be input separately, instead of lumped together in the scalar conductivity. *

We used Eq. (3) with a nominal collision profile to obtain the necessary particle densi-
ties. Finally, to highlight SPE-induced effects, we avoided the complicated Canadian/
Greenland conductivity transitions by assuming seawater paths.

The three calculated TM signals are nearly the same. The differences between the "inver-
sion" and "air chemistry" profiles therefore do not produce corresponding differences in . %
the TM component--at least for 20 kHz propagation over seawater. Fig. 10 appears to imply
the SPE would change the TM signal only slightly from its ambient value. That conclusion - -.
is not necessarily valid, however, because our model ambient ionosphere corresponds to
mid-latitudes. Its application to high latitudes is open to question.

The most pronounced effect of the SPE is to suppress the TE component 10-to-20 dB. More-
over, we see that the "inversion" profile suppresses the TE component more severely than
does the less dense "chemistry" profile. That suppression arises, of course, because the
disturbed ionosphere reflects long waves from altitudes below those where geomagnetic
conversion is substantial.

8. SUMMARY ,, '

We have used two independent techniques to determine ionospheric conductivity profiles \i%'
during an SPE. The first method inverts reflection coefficients measured with a ground-
based VLF sounder; the second uses proton fluxes measured on board satellites to calcu-
late ion-pair production rates, which, in turn, are input to lumped-parameter de-ioniza-
tion equations. Conductivities determined by the two methods exceed ambient by two or %-%
more orders of magnitude, but disagree by up to an order of magnitude at altitudes ,.
between fifty and sixty kilometers. Calculations show the SPE will suppress the geo- ' -
magnetically converted TE component of the long-range signal radiated by a ground-based
vertical electric dipole. %

No

:'...'..'-.L"
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DISCUSSION

J.S.Berose, CA
This subject, as you know, was well discussed at an earlier AGARD Symposium (in Brussels in September 1981). 1
wonder what is new in the results you have presented? For your reply I pose three questions: (1) How do your inversion
techniques compare with those of the NOSC Group (Morfitt, Shellman et al)? (2) How does your atmospheric .. .
modelling compare with that of the Lockheed Group (Regan et al)? (3) Have you compared your deduced profiles with
measured profiles, e.g. Sedden, et al and Ulwick et al measured profiles for a 3 dB absorption event (see my overview -. -

lecture in AGARD meeting)? Of course not all 3 dB events will give the same N(h) profile. I might draw your attention
to my early COSPAR paper that shows that inversion techniques work very well given sufficient VLF-LF propagation . :
data, preferably steep-incidence data of the type that you have been studying. However the reliability of the profile -

depends very strongly on the reliability of the propagation data. .?M 4 -*

Author's Reply .
(1) The inversion technique differs mathematically in several respects and it runs more efficiently under disturbed

conditions where geomagnetic effects are small.

(2) It compares closely.

(3) No. -

E.Thrane, NO -

In your model for the recombination did you take into account the height variation of the effective recombination
coefficient, and was this variation representative of disturbed conditions?

Author's Reply
Yes.

T.Bjones, UK .e
The inversion technique works better when the profile contains only little structure. In the case of a PCA profile the
methods should therefore work well. It is perhaps worth noting that in the inversion method there will be a tradeoff
between accuracy in the electron density and the resolution in height of the derived N(h) profile.

Author's Reply
I agree. Thank you. ..

G.Sales, US
I*" (1) Is it possible that the part of the lower ionosphere determined by the inversion process is not the same as that ', ..

involved in the long range 20 kHz propagation. (2) Could the agreement be improved by calculating the long range
VLF at other frequencies, where the altitude agreement might be better?

Author's Reply
Yes. The steep incidence sounder signal penetrates to slightly greater altitudes than the obliquely incident long-range
signals. However, because the sounder used frequencies both higher and lower than the 20 kHz long range signal, we
feel that the relevant height range is covered adequately.

. '.4- . -..

• .-: -.. ,-

,.. • . -. -4.
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A STUDY OF VLF PROPAGATION AT HIGH SOUTHERN LATITUDES USING SFERICS
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3 )

1) Radioastronomical Institute, University of Bonn, 53 Bonn, W.Germany
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SUMMARY *

Sferics are electromagnetic pulses generated by lightning events. Their maximum

spectral energy is in the frequency range below 15 kHz. These powerful natural VLF- - -

transmitters can be used to determine the propagation characteristics of the atmospheric

wave guide between earth and ionospheric D layer along virtually every propagation

path. A VLF-sferics-analyzer was operating at the German antarctic von-Neumayer station

from January to July 1983. This analyzer records sferics from distant lightning events

in the frequency range between 5 and 9 kHz. The method of measurement is described. The

data of June 1983 are evaluated, and the distances of the sources are determined by a

comparis'on with rainfall records during the same month and, in addition, with sferics

recordings from a station in Pretoria, South Africa. The data evaluation of the

propagation conditions is compared with theoretical calculations. The main result is

that the virtual reflection height of the ionospheric D layer is between about 78 km

at noon and about 84 km during midnight in reasonable agreement with the theory. The

difference between west-to-east and east-to-west propagation is smaller than the theory

predicts indicating that the ionospheric D layer at high southern latitudes behaves F.6.

more isotropic with respect to VLF propagation than at mid-latitudes. o.e °

1. INTRODUCTION

No commercial transmitter is continuously operating in the frequency range below

10 kHz. Studies of the propagation characteristics of these waves can be made using

sferics, i. e., electromagnetic pulses generated by lightning strokes. The very low

frequency (VLF) component (3 - 30 kHz) of the sferics signal propagates in the

atmospheric wave guide between the earth and the ionospheric D layer. The virtual

ionospheric reflection height of VLF waves at mid-latitudes is about 70 km during the

day and about 80 km during nighttime conditions.

Lightning strokes are powerful transmitters of VLF pulses. These signals become

only weakly attenuated in the atmospheric wave guide and can therefore reach large

distances (several 1000 km) before they decay below the noise level of the receiver

The atmospheric wave guide is dispersive and modulates the wave form of a sforic during , *,%.

its propagation. A measurement of the wave form and the direction of arrival of an

individual sferic is therefore, in principle, sufficient to determine the location

of the source- the lightning stroke. Several methods exist for locating thunderstorm

areas via measurements in the VLF range. For a review, see Volland 11982).

The goal of VLF sferics measurements is directed either to the source properties- the

characteristics of the lightning stroke and the distribution of the sources-, or to the '."-.

properties of the atmospheric wave guide- the changing propagation conditions of the "

wave guide as function of local time, season, and propagation path. Both subjects

are intimately related to each other. In order to study the source properties, one has
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to know the wave guide properties, and vice versa. A third goal of sferics observations
is the determination of the natural radio noise level which limits long range radio

wave communication (Spaulding, 1982].

In this paper, we emphazise the second goal and determine the propagation I W
characteristics of the atmospheric wave guide from VLF sferics measurements using
observation at the antarctic von-Neumayer station and at a station in Pretoria, South,
Africa,during June 1983. The frequency range is between 5 and 9 kHz.

2. METHOD OF MEASUREMENT

We give in. this section a brief description of the method of measurement. Additional
details about the instrument and the method may be found elsewhere [Volland et al.,%

19831.

Sferics from sources more than several hundreds of km awau from the receiver are
mainlu the electromagnetic pulses from the verticallu oriented section of lightning
channels of return strokes. These pulses behave to a first approximation like the
radiation component of a vertical electric dipole located on the well-conducting
ground. The electromagnetic component of such pulses consists of a (nearly) vertical

electric field Ez and a horizontal magnetic field H# directed (nearly) orthogonal

to the direction of arrival. The horizontal magnetic field is used to determine the .
angle of arrival # by applying the well-known direction finding method with two crossed
loop antennas and a whip antenna.

The vertical electric-field component of each sferic is Fourier analUzed by means of
three narrow band receivers at 5, 7, and 9 kHz. The resultant spectral function is the
product of the spectral source function G(f) and the transmission function W(f,p) of the
atmospheric wave guide,

Ez(f,p) - G(f) W4fp) - IGI IWI expli(i+t)] (1)

The transmission function W depends mainly on the frequency f and the distance p - -
between source and receiver. In addition, it depends on the direction of arrival ,
as well as on local time and season (e.g., Harth, 1982). The spectral function G depends
on frequency, the electric moment of the lightning stroke, and its channel parameters
such as channel length and diameter.

The parameters which we measure are the spectral amplitude (SA) of each sferic -.
exceeding the threshold of the receiver,

SA - 20 log IG(fl) W(fj,p)j (2) .

the spectral amplitude ratio (SAR), - ..

SAR 20 log 3W( p)I)

IG(f,) Wifl,p)_

the group time delay difference (GDDO.

GD (fi) + *(fa ) -20(fo ) I4 ,NovGDD -(4)
27t 4f 0 -f ,

,]''*



8.2-3

and, in addition, the angle of arrival, or azimuth, #. The frequencies are denoted as
f- - 5 kHz, ft a 9 kHz, and fo - 7 kHz. The spectral phase of the signal is 0 , # + t.

The group time delay difference is in a first approximation the s0cond derivative with

respect to the frequencU of the spectral phase 0. The first derivative of the spectral

phase t of the transmission function is proportional to the reciprocal group velocity.

Its second derivative is, therefore, a measurement of the dispersion properties of the ,

atmospheric wave guide.

Each data set (BAR, GDD, SA, 0) of a sferic is stored in a desk top computer HP 9825

during a measurement cycle of 20 minutes. Figure I shows the observed GDD-values versus

azimuth 0 for a time interval of 18 minutes from 19:40 to 19.58 GMT on 20 August 1984 j.

in Bonn. One clearly notes five clusters of points which can be attributed to five

thunderstorm areas. Figure 2 shows the corresponding SAR-data versus azimuth during the

same time interval. The same thunderstorms can again be identified. Using a histogram ,.

of the number of GDD (or BAR) events at each azimuth, shown in Figure 3 (lower panel),

one can determine the azimuth % of the centers of the thunderstorm areas with an

accuracy of about one degree.

Histograms of the GDD, BAR, and BA data may be calculated for each source. The example ,'

in Figure 3 (upper panel) belongs to the most intensive source at an azimuth of 1040

(which is east-south-east of Bonn). The distance to this source is about 1900 km from

Bonn. A Gaussian fit to such histograms yields mean values GDD, SAR, and BA which

are then used in the subsequent data processing for a determination of the distance

to the source. This will be discussed in the next section.

The data evaluation is completed in two minutes. The result, consisting of the four

numbers DD, SAR, SA, and of each source observed in the measurement cycle, their

calculated distances, and code numbers identifying the sources and their strengths, ",

are stored on magnetic tape. The support information represented by Figures 1, 2, and 3

.; destroyed prior to the start of the next 20 minute measurement cycle. The locations

of the actual thunderstorm centers can be plotted on a map in real time so that an

observer can monitor the thunderstorm activity in the far field of the station. One

magnetic tape cassette can store data covering about three to four weeks.

3. DATA EVALUATION

In this section, we discuss the evaluation of the distance of each source from the

mean values GDD and BAR. The theory of VLF propagation within the atmospheric wave

guide p-edicts a transmission function W at larger distances (p > 1000 km) of the form

W(f,p) a C (p/f)/ 2 exp[-(A+iB)p] (5)

The attenuation factor A and the propagation factor B depend on frequency f, angle of

arrival % , local time, and season [e.g., Harth, 19822. C is a constant factor.

The spectral function G can be approximated by the spectral functi n of a vertical

electric dipole. If the electric current of such a dipole has a temporal structure -.

proportional to

exp(-(t) - exp(-Pt) (6)

then the spectral function becomes
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with p - 4 x 10- 7 H/ the permeability of free space, w a 2Af the angular frequency,

M the electric moment of the stroke, and ( and A two wave form parameters related to

the channel length and channel diameter of the stroke Crolland, 1982).

The averaging process for GDD and SAR assures that the stroke parameters M, q, and 19
are already mean values within a thunderstorm area, which are assumed not to change

very much in different thunderstorms. From eqs. (3) and (7) thus follows a relationship

between p and GD-D and SAR, respectivelys -). =-

SAR m a1 + b, p . QDD a as + b2 p (8)
, ...,.-,,..

The parameters a and as are sensitive mainly to the average source properties via the

mean parameters ( and P in eq.(). Note that the electric moment M of each sferic is % %

eliminated in FAR and GDD. At the output of the receiver, the receiver constants must

be added to a, and a so that the measured constants a, and az do not describe the -..

true source terms.

The parameters bj and bg reflect the wave guide characteristics via the terms A and

B in eq.(5). They depend on azimuth and time. Upon elimination of p in eq.(8), one

obtains a relationship between SAR and GDD: ..

SAR - Ci + Ct GDD (9)

with

aI - Ci(#) + CS(o) At C& bi/bt (10)

Figure 4 shows an example of the distribution GDD vs BAR taken from data of the

Pretoria station during the month January 1984, between 12.00 and 16:00 GMT, and for

the azimuthal sectors 3450 - 150 and 2850 - 3150. The numbers at each point in Figure 4

indicate the number of events at this point during the time interval of one month at

daytime hours. This plot verifies the relationship of eq.(9). The dash-dotted lines in . .

Figure 4 are the regression lines. The regression lines of all twelve azimuthal sectors "

should meet in one point, which is the point (as ,ag). In this specific case, we find .

aa c -12 db) as i - 35 us, and

bj/bj 0.18 + 0.03 sin(#+12 ° )
( 1).-,- r

%
The phase shift of -120 is the geomagnetic declination at Pretoria and indicates

the dependence of the propagation conditions on geomagnetic coordinates. One must

repeat this evaluation for other times of day and seasons at every station.

The scattering about the regression lines in Figure 4 is due to

(a) man-made noise) these are the singular events far from the regression lines. .-.

They can be eliminated by allowing only a maximum deviation from the regression

line.
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(b) Day-to-day variations of the ionospheric D layer; the effect of such variations

is relatively small during sunlit hours along the propagation path but can be

substantial during nighttime conditions.

(c) Changes in the average behavior of lightning strokes in different thunderstorms

due to changing meteorological conditions; a 20 X variation in the average

channel length bf'the strokes, for instance, would cause the scatter of

SAR and GDD in Figure 4.

It is not possible to eliminate the scatter from effects (b) and (c). This scatter

gives rise to errors in the calculated distance. A long living stationary source

appears therefore as a cluster of points elongated in the direction of arrival

4. DETERMINATION OF THE DISTANCE OF THE SOURCES

There remains the determination of the coefficients bi and/or b2 from which one can

derive the distance of the sources. We determined these parameters from simultaneous

observations of strong source areas at Pretoria and at the von-Neumayer station. We
4' compared these with rainfall records prepared by the German Oceanographic Weather

Agency (Deutsches Seewetteramt) in Hamburg. Figure 5 shows, as an example, the locations

of thunderstorms observed at the von-Neumayer station. Each point in this plot gives '

the location of one or more thunderstorms measured during every 20 minute cycle in 4'

June 1983. The bold points in this plot indicate locations where precipitation of

100 to 300 mm was measured during June 1983. The open circles are places where a

rainfall of 300 to 600 mm during June 1983 was recorded. Although rainfall records -

are only loosely related to thunderstorm activity, they give a fair estimate of

thunderstorm rates, at least on a statistical basis. Figure 6 shows the locations of

thunderstorms observed from the Pretoria station during nighttime hours (23:00 to

5.00 GMT) in June 1983.

Two strong source areas can be identified from these two records: one broad area

of thunderstorms near the east coast of South America between about 200 and 350

southern latitude, and a second source area in the Indian ocean southeast of South "7%

Africa in the general vicinity of Prince Eduard Island. Both source areas can also be

seen on the map of thunderstorm days during June to August prepared by the WHO [WHO, .

1956).

Determining the distance of these sources from the triangulation as well as from the

precipitation map, we derived the coefficients b1 and b, from the data of the

von-Neumayer station as function of local time and azimuth. Only small daily variations

are visible in the data of the von-Neumayer station. The coefficient b1 increases

and the coefficient b2 decreases with azimuth. It is .t

ba z 4.6 ± 0.8 + 0.7 sin(%+220 ) b2 = 36.5 ± 2.0 - 3.8 sin(e+220 ) (12)

where the phase shift of -220 is the geomagnetic declination at tho von-Neumdyer

station. The upper signs in eq.4 12) are valid during noon, the lower signs are valid

during midnight. b, has the dimension (db/Hm); bg has the dimension (ps/Mm) with *4

I Mm - 000 km. In the case of the source near the east coast of South America, which

is nearly geomagnetically north-west-north from the von-Neumayer station, the numbers

in eq.(12) agree reasonably well with theoretical calculations of the propagation

conditions in the atmospheric wave guide [Volland et al., 1983). The virtual

*4& b
4
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reflection height of the ionospheric D layer for VLF waves below 10 kHz is in this case
zo a 78 km at noon and zo a 84 km at midnight, and the electron density profile is

N a No expC)X(z-z)] 414)

with No a 3 x 1O' m- 1 ) X 0.4 k4 - 1

The reflection height is similar to nighttime conditions at mid-latitude stations

because the propagation path is on the winter hemisphere at high southern latitudes.

However, the propagation path from South Africa to the von-Neumayer station, which is

nearly geomagnetically east-to-west, exhibits the tendency to more isotropic conditions,

compared with the theory. The theory, which is based on mid-latitude conditions,

predicts in this case a larger value of bt and a much smaller value of b& compared

with the numbers given in eq.412).

5. CONCLUSION

VLF sferics data from the German antarctic von-Neumayer station are available from

18 January to 9 July 1983. We have evaluated in this paper the data of June 1983 in

order to determine the propagation characteristics of the atmospheric wave guide between . .

earth and ionospheric D layer during this time of year. The propagation conditions

along the propagation path from the east coast of South America to the von-Neumayer

station are similar to nighttime conditions at mid-latitude stations and agree

reasonably well with theoretical calculations. The propagation path from South Africa

to the von-Neumayer station exhibits, however, more isotropic conditions than the

theory predicts.
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FIGURE 1. GDD-values vs azimuth observed during the time interval from 19.40 to

19:58 GMT on 20 August 1984 in Bonn. Each point represents one or more

sferics signals. The azimuth (or direction of arrival) is counted in

clockwise direction with % - 00 directed to the north, 900 directed to

the east, etc. The units of GDD are arbitrary.
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FIGURE 5. Plots of locations of thunderstorms during June 1983, registed at the
Yon-Neumayer station. Each point represents the location of one or more
thunderstorm centers observed during the measurement interval of 20 minutes.
Dashed curves are isolines of distance (units 1000 km) and azimuth (units 1

100). Bold solid points indicate station* with rainfall records between

100 and 300 mm during June 1983) bold open circles indicate stations with
rainfall records between 300 and 600 mm during the same month (prepared
by the Garman Oceanographic Weather Agency CDoutsches Saaewetteramtl in .

Hamburg).
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DISCUSSION

B.Reiniwh, US
You used in your analysis the measured spectral amplitude ratio (SAR). This ratio is determined by both the source
function and the propagation conditions. How do you separate these effects? What is the resolution of your incidence
angle measurements? If you use an interferometer, you must consider the possibility of non-planar wavefronts.

Author's Reply
It is the effective amplitude which is measured at the receiving station. One uses the spectral ratio to eliminate some of
the not well known source properties which cancel out if the ratio of the two amplitudes is taken. The measurements are
taken in the far field after wave has propagated long distances over ocean. One, therefore, may assume that the
waveforms are, more or less, planar.
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EFFECTS OF THE IONOSPHERE ON ELF SIGNALS DURING POLAR CAP
ABSORPTION EVENTS: COMPARISON OF THEORY AND EXPERIMENTS

E. C. Field and C. R. Warber R. G. Joiner
Pacific-Sierra Research Corp. Office of Naval Research
Los Angeles, California 90025 Arlington, Virginia 22217

SUMMARY

In order to calculate ELF propagation when the earth-ionosphere waveguide is
not stratified, this paper develops a hybrid method that uses full-wave theory
to determine local parameters of the TEM mode, but uses ray theory to describe
the field's horizontal variations. The method is applied to several model so-
lar proton events (SPEs), including one based on the weak 23 November 1982
event. Calculations predict diminished fields near the Gulf of Alaska, where
a submarine-borne receiver measured an unusually severe signal reduction.
That behavior is caused by lateral refraction, which bends the signal away
from the polar cap boundary and into the central cap where, during an SPE,
the phase velocity of the TEM mode is slowest. The theory also predicts an
enhanced field just inside the polar cap boundary, but no data are available
to test that result.

1. INTRODUCTION

Extremely low-frequency (ELF) signals radiated from the Wisconsin Test Facility (WTF) oc- ~ .
casionally exhibit anomalies too strong and localized to be caused by global changes in
the attenuation rate. Nor could such anomalies be caused by mode interference, because, -
at ELF, only the TEM mode can propagate. A satisfactory explanation must account for
lateral gradients in the earth-ionosphere waveguide.

Bannister [1982, 1984] summarizes nocturnal ELF anomalies measured simultaneously in the o.
northeastern U.S. and on board submarines. The northeastern U.S. signals faded by many
decibels in a few hours although the propagation paths were only about 1.6 Mm long. In
the North Atlantic, three submarines separated by less than 2 Mm measured signals that %
differed from one another by up to 7 dB. Some of those anomalies had forms similar to
ones measured in the northeastern U.S. a few hours earlier.

Pappert [1980, 1984] used an integral equation, similar to one developed by Field and
Joiner [1979, 1982], and a scattering model developed by Greifinger and Greifinger [1977],
to analyze the effects of sporadic-E patches on ELF propagation. He showed that such
patches could cause nocturnal fades consistent with the measurements. The mechanism is
resonant attenuation that depends on the vertical wavelength of the ELF wave and the op- ,\ '
tical thickness of the sporadic-E layer.

The present report develops a hybrid full-wave/ray theory to describe ELF signals whose
great-circle path passes near the edge of the disturbed polar cap. It applies the theory
to deep fades measured in the Gulf of Alaska during the weak solar proton events (SPEs)
of 22 to 26 November 1982 [Katan and Bannister, 1985]. Those fades cannot be explained
by theories that attribute ELF propagation phenomena solely to the state of the ionosphere
along the great-circle path. Moreover, because the fades were observed in the daytime as
well as at night, they could not have been caused by sporadic-E.

2. ELF ANOMALIES MEASURED DURING SOLAR PROTON EVENTS

The Naval Underwater Sound Center (NUSC) measured ELF amplitude and phase during several ...-
SPEs between the years 1976 and 1982 [see Katan and Bannister, 1985]. Some of the measure-
ments were made in Connecticut, and others on board submarines. The strengths of those
SPEs varied widely--the strongest on 13 February 1978 caused 8 dB of riometer absorption
and the weakest on 23 November 1982 caused only 0.8 dB riometer absorption. ELF propaga-
tion and riometer absorption are governed by different regions of the ionosphere; ELF
effects therefore can be greater during a weak SPE than during a strong one.

A weak SPE commenced at about 1600 UT on 22 November 1982. During that event the WTF sig-
nal was monitored on board a submarine in the Gulf of Alaska. Fig. 1 shows, approximately,
the geometry of the great-circle propagation path, the disturbed polar cap, and the first

-' Fresnel zone at a frequency of 76 Hz. Although the receiver location can not be specified
precisely, we see the path is nearly tangent to the polar cap, which covers about one-half
the Fresnel zone.

Fig. 2 plots the signal received in the Gulf of Alaska on 23 November 1982, along with the
average ambient signal for that location. The disturbed signal was 3 to 4 dB below ambient
during the night, and about 2 dB below ambient during the day. The relative phase remained
close to its ambient value throughout the event.

Katan and Bannister (1985] show that the effective attenuation rate on 23 November 1982
exceeded 2.5 dB/Mm at night and 2.7 dB/Mm in the daytime. Such large attenuation rates
would be expected only on paths totally exposed to very strong events. The size of the
signal loss shown in Fig. 1 is therefore surprising, given; (1) the weakness of the SPE,
(2) the shortness of the propagation path (3.5 Mm), and (3) the great-circle path having
missed the main portion of the disturbed polar cap. As shown below, the explanation lies
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in the propagation geometry, which causes lateral refraction of the TEM mode and, thus,
shadow zones.

Katan and Bannister also report the following effective ambient attenuation rates on the
Gulf of Alaska path: 1.4 dB/Mm (night) and 1.7 dB/Mm (day). Those rates exceed the ones
usually measured in other geographic regions.

3. THE POLAR CAP ON 23 NOVEMBER 1982

The NOAA6 low-altitude polar-orbiting satellite measured integral proton fluxes in four
channels defined by E > 2.5, 16, 36, and 80 Mev, where E is the proton energy. Fig. 3
shows those data for the end of 1982 November [Sauer, 1983]. One event began at approx-
imately 1600 UT on 22 November and lasted at least until the middle of 24 November. A
second and larger SPE commenced on 26 November. The fluxes plotted in Fig. 3 are aver-
aged over magnetic latitudes higher than 70 deg. As shown by Fig. 4, once an event has
developed, the flux is nearly uniform at latitudes above 60 deg. Therefore, the fluxes
given in Fig. 3 represent those throughout the main portion of the cap.

As described in the companion paper [Kossey et al., 1985], we use the fluxes to compute,
first, the ion-pair production rates and, second, ionospheric electron and ion densities.
Fig. 5 shows ionization profiles calculated for 0800 UT on 23 November, as well as the
assumed ambient profiles [Pappert and Moler, 1974]. Profiles calculated between 0200
and 1100 UT differed only slightly from the one shown, whereas profiles calculated for
several daylight hours differed moderately. Although the densities shown in Fig. 5 sub- . -... J.

stantially exceed ambient, they are at least an order of magnitude below the levels that '.,
occur during strong SPEs [Reagan et al., 1981]. ."

In addition to the particle densities, the collision frequencies, mean ionic mass, and
geomagnetic field strength must be specified in order to define the electromagnetic prop-
erties of the ionosphere. We use nominal electron and ion collision frequency profiles
[Pappert and Moler, 1974], a nominal ion mass of 32 amu and a geomagnetic field strength
of 0.5 G. We assume an east-west propagation path and a magnetic dip angle of -80 deg.

4. PROPAGATION PARAMETERS FOR 23 NOVEMBER 1982 SPE

In order to define the notation and illustrate the key dependences, we recapitulate the r.
equation for the horizontal magnetic intensity H in a stratified waveguide [e.g., Galejs,
1972]:

11 A(ATAR) / 2  d 1/2 exp ( r c d) e -Od/8.7 cos A/m, (1)
/ 2'. (cV, %,V d

where A depends on the antenna moment, frequency, and ground conductivity, but not on the -
ionosphere; X is the wave length in megameters; and * is the angle between the propagation
path and the end-fire direction. The excitation factors are AT and AR at the transmitter
and receiver locations, c/v is the relative phase velocity, 8 is the attenuation rate in '

decibels per megameter of propagation, and d is the distance from the source in megameters.

The amplitude of a long-range ELF signal is most sensitive to changes--first in the atten-
uation rate 8, and second, in the excitation factor A. The phase depends mainly on c/v. ' .. -"

In the idealized limit of a perfectly reflecting, sharply bounded ionosphere at a height
H0 above the ground, the excitation factor A is equal to 1/2H0. Even for diffuse iono-
spheric boundaries, as treated in this paper, the magnitude of A is of the same order as
the reciprocal of the nominal ionosphere reflection heights. Thus, an ionospheric dis-
turbance that lowers the effective height will increase A.

The literature supplies full-wave methods for calculating 8, c/v, and A for virtually any
ionospheric height profile, as well as numerical results for many models of ambient and -
disturbed ionospheres [Budden, 1961b; Field, 1970; Wait, 1970; Galejs, 1972; Pappert and
Moler, 1974; Greifinger and Greifinger, 1978]. Table 1 lists propagation parameters cal- *.'

culated with such a code using profiles like those in Fig. 5 as inputs.

Table 1
4""

Calculated propagation parameters at 76 Hz

Date Time (UT) 8(dB/Mm) c/v [t0 (km) ell

Ambient Night 0.87 1.14 67

23 November 1982 0800 (night) 1.62 1.24 54

Ambient Daylight 0.94 1.19 54

23 November 1982 1600 (daylight) 1.28 1.24 50
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The calculated attenuation rates are smaller than the effective rates of 2.5 dB/Mm or
more measured by Katan and Bannister on the Gulf of Alaska path for 23 November 1982.
Moreover, even the modest attenuation rates shown in Table 1 would not have been fully
realized on that path, because: (1) the entire path was not exposed to the main polar
cap and, (2) the terminals were near the cap boundary, so some increase in excitation
factor would be expected. If account is taken of that geometry, insertion of the num-
bers given in Table 1 into Eq. (1) predicts little, if any, signal loss during the
event in question.

We conclude that the measurements cannot be explained solely by an increase in the wave-

guide's attenuation rate.

5. POLAR CAP BOUNDARY MODEL

To proceed with the analysis, we need a model of the TEM mode parameters in the polar cap
boundary. Fig. 4 shows that the fluxes are approximately constant for magnetic latitudes
above 60 deg and roll off between about 60 and 50 deg. Therefore, we assume the disturbed '-A
polar cap to be uniform above 60 deg latitude, which is about 3.0 Mm from the pole. The
diffuse boundary extends to 50 or 55 deg and is 0.5 to 1 Mm wide. We assume a flat earth,
an isotropic ionosphere, symmetry about the north geomagnetic pole, and model the propaga-
tion constant as:

S(x, y) = S~pE + (SAMB SSPE)/{I + exp[-7.3(r - r0)/Ar]}, (2)

where S is related to the phase velocity and attenuation rate by the formulas c/v = ReS,
and B = -8.6K ImS. In addition, SAMB and SSPE denote S under ambient and disturbed con-
ditions, respectively, r is the distance from the pole, Ar is the distance over which S
makes 95 percent of its transition from disturbed to ambient, r2 = rI + Ar, and r0 =
(rI + r2 )/2. Fig. 6 diagrams this model.

The receiver location cannot be specified precisely, so we represent the Gulf of Alaska
as a 1 Mm square, centered 3.5 Mm from both the pole and the WTF, which also lies about . '
3.5 Mm (55 deg mag lat) from the pole. We use a nominal value of 3.0 Mm for r1 . Fig. 7
shows the resulting propagation geometry.

6. TWO-DIMENSIONAL RAY TRACE: LATERAL REFRACTION OF TEM MODE / ,.

Depending on geomagnetic activity and SPE strength, both the WTF and Gulf of Alaska some-
times lie in the boundary region, where strong transverse gradients in S could refract
the field. More simply, the propagation constant S behaves as a refractive index and
bends energy toward the inner cap, where the phase velocity is slowest. Under certain
conditions, that effect causes shadow zones that are inaccessible to rays emanating from
the WTF.

We test that hypothesis by using a simple ray trace. The results are semiquantitative,
because the validity criterion for ray tracing is only marginally satisfied for some of
the assumed boundaries and violated for certain abrupt ones.

Field and Joiner [1979] write the field as

E I A A(x, y) p(x, y) F(z) , (3)

where A is a constant involving dipole moment, wave frequency, and ground conductivity;
A is the excitation factor and is a function of position; F contains the vertical depen-
dence; and , contains the main lateral dependence, which can be found by solving

L 4 xS (Xy) 2 , =o (4)
a. x 2 y 2 cJ

The WTF consists of two nearly perpendicular horizontal dipoles. Katan and Bannister
[1985] report that the phase difference between the two antenna elements was 290 deg " %
during the 23 November tests. That phase angle gives a radiation pattern that can be
assumed symmetric.

We assume a propagation constant S given by Eq. (2). Because the propagation constant
is analogous to a refractive index, the problem is mathematically identical to tracing

., rays obliquely incident on an isotropic ionosphere that varies in two dimensions, but is
uniform in the direction perpendicular to the plane of propagation [Budden, 1961a). To
isolate refractive effects, we ignore the imaginary part of S and, hence, absorption.

* Signal anomalies calculated in this fashion are caused solely by lateral focusing or
defocusing of the TEM mode.

Figure 8 shows the dependence of ray trajectories on SPE strength. Rays are traced for P -

r1 = 3.0 Mm and three levels of disturbance: (1) weak, equivalent to the 23 November 1982
SPE, characterized by reS pEa = 1.25, (2) moderate, a hit stronger than the 8 December 1982
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SPE, characterized by reSspE = 1.35, and (3) very strong, characterized by reSSpE = 1.50.
In each case we characterize ambient conditions by reSAMB = 1.15, which corresponds to
nighttime propagation.

In all cases the rays bend away from the Gulf of Alaska, indicated by the shaded square,
and toward the polar cap. As expected, the refraction increases as the SPE becomes -
stronger. For all but the weakest events, a caustic is formed near the inner edge of
the boundary region.
Figure 9 shows the dependence of the ray trajectories on boundary thickness. Those re-

sults were calculated for the weak SPE (S = 1.25) and values of Ar ranging from 0.5 to *_

1.0 Mm. As before, r1 is assumed to be 3.0 Mm. We see that the signal depends strongly
on boundary thickness as well as on the strength of the disturbance.

Although the ray trace is a convenient means of locating signal concentrations and rare-
factions, Figs. 8 and 9 cannot be used for detailed comparisons between ambient fields
and those measured during an SPE. That calculation would require each ray to be weighted
by a number that accounts for the waveguide excitation factor. Nonetheless, Figs. 8 and
9 show that lateral refraction can be substantial. .--. g,

Since the poynting vector is inversely proportional to ray density, we can estimate that, "'s -'
for a 1-Mm thick boundary, refraction reduces the Gulf of Alaska signal as much as 8 dB
for the strong SPE; 3.5 dB for the moderate SPE; and 1.4 dB for the weak SPE. That de-
focussing becomes more pronounced as the boundary becomes more abrupt. For the weak SPE, j.
which corresponds to the 23 November event, the ray trace predicts as much as 6 dB de-
focussing for the narrowest boundary (0.5 Mm) and 2 dB for the 0.7 Mm boundary. Such
reductions in field strength are over and above losses attributable to attenuation. For
the weak SPE, that defocussing could cause up to 1.5 dB/Mm increase in apparent attenua-
tion rate on the Gulf of Alaska path. . -

The field depends on the juxtaposition of the receiver and the boundary. For all cases
shown, a region of intensification (focusing) occurs just a few hundred kilometers north
of the region of minimum field. Since the exact location of the submarine-borne receiver
cannot be specified, a detailed comparison cannot be made between experiment and theory.
However, the concept of energy refracting away from the Gulf of Alaska and into the polar ....

cap appears consistent with the measured SPE-induced signal loss.

7. CONCLUSIONS - -

A two-dimensional ray trace is applied to several model SPEs, including one based on the Uz_
23 November 1982 event, for which simultaneous measurements of ELF signal anomalies and
proton fluxes are available. Calculations indicate a diminished field in the Gulf of
Alaska, where a submarine-borne receiver measured an unusually severe signal loss. That
behavior is caused by lateral refraction, which bends energy away from the gulf and into
the disturbed polar cap, where the phase velocity of the TEM mode is lowest. The theory
also predicts signal intensification just inside the cap boundary, but no data are avail-
able to test that result. Because the boundary location depends on a number of geophysi-
cal parameters and, hence, time, we would expect signals near the boundary to be variable.
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DISCUSSION

E.Thrane, NO
I should like to know how high into the ionosphere it is necessary to know the model characteristics. Your graphs
stopped at 100 km, but I would expect the ELF waves to penetrate deeper than this.

Author's Reply
We modelled as high as necessary - in some cases up to 200 km.

% %

% p*
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WORLD ATLAS OF GROUND CONDUCTIVITIES WITH PARTICULAR EMPHASIS 6
ON THE HIGH LATITUDE REGION

by

Knut N. Stokke a

Norwegian Telecommunications Administration

Oslo, Norway

. Summary

In 1970 a CCIR Interim Working Party, CCIR IWP 5/1, was established to develop improved

methods of predicting the phase and amplitude of ground waves.

An important feature concerning transmission of ground waves, is the ground conductivity.

Information about the ground conductivity has been, and is, important for the planning

work in the International Telecommunication Union (ITU). Therefore very early in the

work of IWP 5/1 the necessity of a ground conductivity atlas was recognized, and in

1978 the IWP 5/1 was formally given the task to produce a world atlas (CCIR Decision 3).

"* Information about the ground conductivity has been received from about 50 countries, ,

but there are some problems concerning the way in which the informations are presented.

However, measuring campaigns will give better data, and will also give better infor- .e

mations from other areas.

The first edition of the Atlas is planned before the CCIR Final Studygroup Meetings

September - November 1985. -

Introduction

In the International Telecommunication Union (ITU) the CCIR (Comit6 Consultatif

International des Radiocommunications = International Radio Consultative Committee) is

responsible for questions concerning radiocommunications. -.

In the CCIR, several study groups are concerned with special problems in radiocommuni-

cations. The CCIR Study Group 5, "Propagation in Non-ionized Media", is, inter alia,

dealing with problems concerning ground wave propagation. '..

Normally the study groups have meetings every second year. There are some problems which

must be worked out also in the periods between the study group meetings, and Interim

Working Parties (IWP's) have therefore been established.

In 1970 a CCIR Interim Working Party, CCIR IWP 5/1, was established to develop improved ,*.-

methods of predicting phase and amplitude of ground waves. This IWP is composed of

members from Algeria, Argentina, Brazil, Canada, the United States of America, Finland, .

France, India, Iran, Norway, New Zealand, the United Kingdom, Sweden, Yugoslavia, and

the EBU (European Broadcasting Union). Sweden has the chairman of IWP 5/1.

An important feature concerning transmission of ground waves is the ground conductivity.

Information about the ground conductivity has been, and is, important for the planning -

work in the ITU. Therefore very early in the work of IWP 5/I the necessity of a ground ,

conductivity atlas was recognized, and in 1978 the IWP 5/1 was formally given the task

of producing a world atlas (CCIR Decision 3-2, 1978). The publication of such an atlas

should be at .the earliest possible date and in any case before the XVIth Plenary Assemoly

of the CCIR (1986).
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The first information about ground conductivity maps was collected in CCIR Report 717.

This information is out of date, and work concerning collection of recent conductivity

maps started already before 1978. The first edition of the atlas is supposed to

contain primarily maps standardized to 1 MHz.

The attenuation method

One of the major problems when producing conductivity maps is to decide which measuring

method to use. In areas where there are few and small changes in ground conductivity,

several methods may be used. But in areas where there are many and abrupt changes in

terrain and geology, and therefore also in conductivity, some of the methods will give

unreliable results. Under such circumstances the use of the attenuation method has

proved to be the most appropriate.

The attenuation method is based on Millington's method for calculating field strength

over inhomogeneous earth (References 1, 2, and 4). This method takes account of the

influence of the changes in conductivity, and gives results which are in good agreement

with practical results.

, -

sea tand sea

Figure 1. Ground wave tilt along a path

To explain the problems, we will look at what happens when a ground wave travels along - .

a sea path and crosses and island. This is shown in Figure 1. Because of the losses in

the ground the wavefront near the ground will get a forward tilt. This tilt will change

as the conductivity changes. When the conductivity decreases, the forward tilt will

increase. And when the conductivity increases, the tilt will decrease, that is, we get V"

what we call a recovery effect. .

-.,. " °

* ..-
%e%..i.
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In Figure 2 we can see the same variations explained by using Millington's method. i -...
Figure 2a shows that when the wave travels from sea to land, the field strength will ,' "J

decrease to an asymptote higher than the field strength curve for pure land path. This z-

emeans that a good start will follow a ground wave all the way.

In Figure 2b we can see that when the wave travels from land to sea, that is, from bad . -
4,

bad start will follow the ground wave all the way.

If we look at the cure ingnue 2, we see that the "conductivity curve" is not the

*4.*.t

same as the field strength curve. Therefore we cannot see what conductivity we have only
by using the field strenghhervthan the fi d the "conductivity curve", that is ..

the curve where we directly can read off the conductivity values, the measured field
strength curve has to be analysed by using Millington's method (References 5 and 6).
This method of finding the conductivity along a path is called the attenuation method.the urvewher wediretly an rad f f he cndutiviy vauesthemeasred iel
stent crea to be anlye byu I iigtnsmho (Rfrce 5ad6)
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In order to use the attenuation method, we need ground wave curves for different con- -
ductivities at definite frequencies or for definite frequency bands. Figure 3 gives an

example for 700 kHz• In the ground conductivity atlas such curves will appear. These )1.

curves may also be used together with the conductivity maps in order to calculate the ,-. '
ground wave field strength.

The wave tilt method l"'

Another method which may be used to measure the ground conductivity, is the wave tilt %,, -,=

method. This method is based on the fact that the wave tilt depends on the ground .. ,
contants, that is the conduc tivtivity . As shown in till

---. ....... . -----
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Figure 4, the tilt of the vertically polarized ground wave may be measured by using

a short dipole adapted to an RF voltage measuring equipment. However, this method gives

misleading results near changes in ground constants. Therefore the wave tilt method

should not be used in areas where there are many and abrupt changes in ground constants.

Q >i %

/ / /

/1 / / ,-
/ Fu/ / ..

i / / / "
// ' /

.. I /..'-.,."

Conductivity maps "" %

Up to now the IWP 5/1 has received conductivity maps from about 50 countries, but we .q' :
hope to get more information as the measuring campaign continues. However, old

d... ,

measurements may also be used, even if the accuracy of the measuring equipment is not

well known. In reference 6 is given a method where, by the use of cymomotive force, I
only the relative values are important. -' . '

. -, r .

, .. '- %.

. , *,,

* *.,-
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in the results, we may therefore expect a more marked variation with frequency, %O,
especially when we have a layer of ice at sea. -'

%
Unfortunately there is very little information about the conductivity in polar areas.

The IWP 5/1 hopes to get some information also from those areas. Results of measure-

ments during summer and winter, with frozen ground and with different snow depths,

would be much appreciated. I

TABLE I - Expected ground conductivities .'. S..

(CCIR Rep. 879) -" :N,:>-

Ground conductivity Type'or-ground(S~~m) ~Type of ground... ,,
(S/rn)

5 Sea water

102-  Very moist soil, cultivated soil, fresh water
10-3 Dry soil, clay, forest soil, desert soil, soil in mountainous

areas, fresh sea ice
10- 4  Granite, dry gravel and sand, mountainous areas in cold

regions, old sea ice
10-  Dry glacier in mountainous areas, permafrost in northern

polar areas

Note. - For areas in the interior of Antarctica, where the absolute humidity is very low, the
conductivity may be of the order of 10-6 S/r.

Figure 6. Table of conductivities for some types of ground
- - - ;- -

The table in Figure 6 gives the expected values of ground conductivities for some

characteristic types of ground. However, these values may vary with humidity, and the

values given may be taken as mean values. In cold areas, where the absolute humidity

is low, some of the values may be even lower, and in warmer areas some of the values

may be higher. The influence of frost and permafrost may also change the values, but

this effect has to be further investigated. It is therefore important to have measure-

ment results from polar areas, and especially where snow, ice and glaciers are involved.

The results from such measurements may be sent to:

IWP 5/1, CCIR Secretariat,

2 Rue de Varemb6, '"..%,

1211 Gen~ve 20,

Switzerland.

The conductivity values should also be normalized to the values used for the curves in

CCIR Recommendation 368, that is to: 5 Siemens/meter, 3"10 -2 S/m, 10-2 S/m, 3.10 -3 S/m,
10-3 S/m, 3.10 -4 S/m, 10-4 S/m, 3-10 -5 S/m, and 10-5 S/m. For lower values the same % -e

steps should be used. Measurements from polar areas will indicate whether it is e

necessary to have curves for values of a lower than 10- 5 S/m. ""

° . 4O%
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Measurements from the interior of Antarctica, where the absolute humidity is very low,

indicate that values of 10-6 S/m may be obtained. It should be borne in mind that the b-- -

influence of the underlaying layers, etc., is included in the measured results. If

we measure for only one specific material, the results may be quite different from _..".

these effective values. p

In the work of A.W. Biggs (Reference 3) is given a table of conductivities for ice and ..'- '

snow. This table is reproduced in Figure 7. From this table we see that soft new snow ,*

may have as low conductivity as 10- 9 to 3.10 - 11 S/m, that is, a rather good insulator. '?

This means that a LF-, MF- and even an HF-antenna may be laid directly on soft new

snow with good results. In polar glacier areas this method may be convenient because ----. d'-

of extreme climatic conditions. However, the antennas have to be renewed when they are

buried in deep snow, and the buried antennas may even be used as a (capacitive) earthing

system or a counterpoise system.

Material Temperature Conductivity Relative

S/rn permittivity

Pure ice -10 10 7  95

-40 Uz1o - 9 105 .-

Soft new snow -10 10-9  4

0.13 glom -40 3101 4

Granular snow -10 10-7  1

0.4 g/e. -40 10"9 15

Glacial snow 0 5x10- 7  120

Sea ice -7 10-3 4 ,
0.5% salinity -24 10-4 4

. ...- ... :..

Figure 7. Table of conductivities and permittivities for ice

and snow

The influence of sea ice is an interesting feature. Measurements of mean or effective

conductivity over sea ice of different thicknesses are of great interest, and then the.5

conductivity will rather strongly depend on frequency.

The penetration depth, 6, is often used when characterizing the ability of radio waves .='" a4m

to penetrate into a medium. 6 is the depth where the field strength has fallen to l/e of

the field strength value at the surface. However, we have to remember that the real

course of the field strength into a medium is an exponential curve, as shown in Figure 8.
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Figure 8. Relative field strength near the surface of the sea '".-,

and under 10 m of sea ice at 100 kHz .-''--

In Figure 8 is shown the relative field strength curve for sea (5 S/m) at 100 kHz. The
penetration depth is then about 0.7 m. However, when there is a layer of 10 m of sea %"" °1'" i

ice (a = 3-10 -4 S/m) we have that the surface value has been reduced only by about 10%. ?

Then almost the same communication conditions exist for a submarine under a layer of
9-10 m of sea ice as just under the sea surface. This also means that when there are "--

ice, sea ice or glaciers on land, the underlaying layers are very important, and this

effect will increase as the frequency decreases. ':

The density of sea ice is 0.92, and therefore 8% of the ice should be above the s,.a %....
level, but this does not have any significiant influence on this example. "" /

4f4

.'.%- S

Example of a conductivity map -'"-

In Figure 9 is shown an example of a conductivity map in the atlas. Such maps will be
given for each country as information is received. Later on, when the information for

an area is complete, a key map of the area will be given. ialy of0mfs

ice ( = 310~ /rn)we hve tat te suface aluehas een educd ony.byabou.10%
Thenalmot te sae comuncatin coditons xistfora sumarie•uder layr o
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::: The details in the maps will depend on the scales of the maps, and also on what the maps

are intended for. Therefore there is also a certain degree of valuJation included in a"-
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DISCUSSION

H.I.Alhrecht, GE *t4
I wish to refer to the variability of ground conductivity as a function of time, e.g. for summcr and winter conditions. You
mentioned the need for such data with regard to polar areas. In addition, a knowledge of the variations of ground
conductivity, at least data for summter and winter, seem to be very important in other latitudes as well, particularly if a
better geographical resolution is aimed at, as, for instance, in the case of the atlas of conductivity maps for each country.
Variations may be significant and are mainly due to climatic effects; the annual variation of the ground water level is an
example. I would like to ask if conductivity maps such as the one shown for Norway represent annual average values of
conductivity; if so, I wish to suggest that values for summer and winter should be requested and used for the atlas data, if
at all possible.

Author's Reply
Yes, there are seasonal variations in the conductivity, and the map I showed is a map for mean conductivity throughout
a year. When there is frozen ground with a layer of dry snow, the conductivity is normally lower. We tried once to
measure the influence of a 40-50 cm snow layer, and we got the indication that this lowered the conductivity by about
half a decade. However, when we tried to repeat the measurements, the humidity had changed, and we got somewhat
confusing results. It is difficult to give an exact answer concerning the influence of snow and frost, but we hope that
more measurements may give a better indication of the influence of such parameters.

The conductivity maps should be given as expected mean values throughout a year. However, if the variability, etc, "
could be given, these results would be of great value for the IWP 5/I. But for the time being I think it is too much to ask,
because such measurements are rather complicated and require a lot of work. For the time being we would be happy if
we get a mean conductivity map for each country. Later on we hope to get more detailed information.

P.A.Bradley. UK

What is the current status of the program GRNDWAVE used by CCIR Interim Working Party 51I to generate the

propagation curves given in Report 368 and which, I understand, is intended to be used in the case of elevated

Author's Reply
The ground-wave curve program, GRW AVE. has caused some problem. The program runs quite well when both the
transmitting and the receiving antennas are on the ground. The difficulties arise when one or both of the terminals are1-
elevated. However, it seems that this may be mostly a computer problem, and the IWP 5/1 is trying to find computer
facilities where the program may be run properly. 2.

J.S.Belrose, CA
There is very little evidence in the literature for seasonal changes in groundwave field strengths at MF. At least one
paper has reported that MF-AM groundwave field strengths are larger in winter than in summer in North America.
This is perhaps opposite to what I would have expected, at least for those regions where winters are characterized by
frozen ground and snow. I have wondered whether the effect might be due, at least partly, to an antenna system

V interface problem: perhaps in winter when the radial ground system is buried in frozen ground, it acts more like a
counterpoise providing better capacitive coupling to ground strata of high conductivity beneath. There is some evidence
that buried insulated wire ground systems provide better seasonal stabilities.

Author's Reply
g Concerning higher or lower conductivity during winter, this may be a question of where the measurements are made. In

areas where the summer is dry and the winter is wet (wet snow and rain) it may well happen that the conductivity is
better during the winter. You may also have relatively large variations in short periods due to climatic conditions.

Concerning earthing wire systems. Mr Lacharway (TDF France) has done much work on both antenna and earthing
systems. He has found that capacitive and ohmic coupling to the ground are of about the same efficiency for radio
waves. It may even be so that conductivity coupling is better, es-ecially when the ground conductivity is low. This means
that a capacitive earthing network (insulated or hung up just over the ground) is quite as good as a blank wire network
dug into the ground. In addition, an insulated earthing network is very convenient in areas where there is an active
corrosive ground, as for instance in coastal areas, and especially in warm coastal areas. The insulated wires may be laid
in loops, and may easily be controlled from the centre by using an ohmmeter.

However, a capacitive network will get problems because of electrostatic charging, but this may be overcome by using
non-corrosive sheet-metal (steel, bronze, etc.) dug into the ground.

It is very important to have an efficient earthing system (for frequencies from HF and downwards), especially because
near the antenna we have to take account also of the near field. And in order to get efficient earthing systems, the wires
should not be buried very deep into the ground. This is, of course, dependent on frequency, but even for low
frequencies the wires should not be buried too many cm's below the surface of the ground. This is because, as I
mentioned in my paper. the real course of a radio wave field strength into a medium is an exponential curve, and
therefore the upper layer is the most important. Especially in winter, when the ground conditions may vary very much,
it is important that the earthing system is as near the surface as possible for mechanical reasons.
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SUMMARY OF SESSION IX

Meteor Burst/Scatter

by

J.H.Blythe

Session IX, Meteor Burst/Scatter comprised just two papers. However, in combination they give a rather complete
account of the current state of the art. Meteor Burst Communication (MBC) systems were actively studied in the 50's and
have been under review ever since, but have never been used significantly in military systems. Recent advances in receiver
systems and integrated circuit technology have led to renewed interest, reflected in the two papers, which concentrate on
aspects relevant to high latitudes. p

Paper 9.1 gives a brief historical and physical description of the MBC technique together with a discussion of the ,
advantages of very high frequency MBC, with respect to high frequency communication, when used at high latitude. A

recently deployed high latitude MBC experiment between Bodo in Norway and Wick in Scotland (UK) is described and ,
some of the early data gathered at frequencies close to 40 MHz and 70 MHz is presented. A theoretical description of
polarisation rotation in a linearly polarised MBC system is developed and used to show that at 40 MHz excess D-region
ionisation may cause system performance to differ from its ambient level. Corroborative experimental results over a

temperate latitude path are presented. Based upon the early high latitude experimental results and on the theoretical
calkulations the paper suggests that frequencies close to 40 MHz, in common use in temperate latitude linearly polarised

MBC systems, are too low for high latitude operation.

Paper 9.2 also gives a brief historical and physical description of the MBC techniques, and describes effects of
Sporadic-E, Auroral Scatter and Polar Cap Absorption. It indicates that the effects of Sporadic-E and of absorption in a
polar cap absorption (PCA) event can be mitigated by an increase of frequency. A description is given of an experimental
link in Northern Greenland, established to obtain data on the potential performance of MBC systems in the polar region. It is
being used to investigate: the availability of useful meteor trails at very high latitudes; the potential communication capacity
associated with these trails; the recurrence, persistence and effects of Sporadic-E layers; and the effects of PCA events on the

capacity of 45-104 MHz MBC systems, for a variety of chosen signalling techniques. Some initial experimental results are
given. These confirm the expected higher information capacity at 45 MHz c.f. 65 MHz under normal conditions, and show
the benefit of the use of adaptive signalling rates.

The two papers form a valuable complementary pair, showing that data is being gained which would enable system
design to be undertaken with confidence in the event of a decision to deploy. This data covers many new aspects which were
not addressed in earlier studies, such as the integrity of security in various propagation events, the effect of polarisation
rotation, and the overall influence of frequency.

- M1
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METEOR SCATTER RADIO COMMUNICATION AT HIGH LATITUDES

by

P.S. Cannon, A.H. Dickson and M.H. Armstrong

Royal Aircraft Establishment,
Farnborough
Hampshire

UK

SUMMARY

A brief historical and physical description of the Meteor Burst Communications (MBC) technique is
given together with a discussion of the advantages of very high frequency MBC, with respect to conven-
tional high frequency communication, when used at high latitudes. A recently deployed high latitude MBC
propagation experiment, between Bod4 in Norway and Wick in Scotland (UK) is described and some of the early
data gathered at frequencies close to 40 MHz and 70 MHz is presented. A theoretical description of the
effects of Polarisation Rotation in a linearly polarised MBC system is developed and it is shown that at
40 MHz Polarisation Rotation, due to excess D-region ionization may cause the system performance to differ
from its ambient level. Corroborative experimental results, over a temperatue latitude path, are pre-
sented. Based upon the early high latitude experimental results and on the theoretical calculations the
paper suggests that frequencies close to 40 MHz, in common use in temperate latitude linearly polarised
MBC systems, are too low for high latitude operation.

I INTRODUCTION

Meteor burst communication (MBC) is currently experiencing a revival as-a means for beyond line of
sight (BLOS) communication. The technique utilises the ionization trains created by meteors, between
altitudes of 90 and 100 km, to scatter HF (high frequency) and VHF (very high frequency) radio signals
over distances between -200 km and -2000 km.

It has been known for many years that electfomagnettc waves can be propagated by forward scattering
from meteor trails. In 1954 Eshleman and Manning suggested that meteor trials might provide a viable
means of communication and in 1957 Forsyth et a1

2 
described the first operational MBC system. Several

relatively successful point-to-point links were implemented 3during the late 1950s and early 1970s culmi-
nating in the COMET system described by BartholomS and Vogt . In 1960 it was suggested by Hannu et al 

4

that the use of MBC for air ground communication should be possible without the need for directional
antennas on the aircraft. This view is currently being studied by the Royal Aircraft Establishment in -he f:-
UK stimulated, to a great extent, by recent developments in microelectronics which promise more compact
data handling systems than ever dreamed of in the 1950s and 60s.

For the military user MBC is extremely attractive. The burst nature of digital transmissions,
resulting from the short usable trail durations of typically 20 ms to 1.5 s, provides some security.
More importantly, hotiever, a MBC system has an inherently low intercept probability due to the small
receive footprint associated with each trail (InceS).

After an initial theoretical introduction the paper divides into two parts. In the first we
describe a propagation experiment set up to investigate MBC at high latitudes and in the second we examine
some theoretical predictions on the subject of Polarisation Rotation in MBC. Corroborative experimental
verification of the latter is presented.

2 THEORY OF METEOR SCATTER

The scattering properties of straight meteor ionization trails are highly aspect sensitive. For
effective scattering a specular condition must be satisfied and this requires that the trail be tangential
to a prolate spheroid whose foci are at the transmitting and receiving terminals. This condition means
that the scattering can take place from a large area of the sky.

Theoretically the progagation loss due to scattering from an underdense trail is given by the
following expression (Sugar ):

P R2 2a (22
P R 1 _l0e2 2A

3 
GRq sinm 8w2r -32w2Dt (1)

T4m Rexp 2 22,expSr RecR (R1 q _ I _ \ sec2/

where P - received power (W)

PT- transmitted power (W)

PO -permeability of free space 4 x 10
-

) (H m .4

e - charge on electron (1.6 x 10
9
) (C)

1-31 -
a . mass of electron (9.1 x 10 ) (kg)

X :wavelength of transmission (m)

I  path length from transmitter to meteor trail (m)
I
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R2 - path length from receiver to meteor trail m)

GT - power gain of transmitting antenna relative to isotropic

GR - power gain of receiving antenna relative to isotropic

q - line density of electrons in trail (electrons/m)

a - angle between E-vector arriving at trail and the direction
from the trail to the receiver (degrees)

B - angle between trail and plane of propagation (degrees)

f - semi angle of reflection (degrees)

rO - initial radius of trail m)

D - diffusion coefficient (m s-
l)

t = time (a).

Using this expression we can calculate the information flow rate I which is proportional to the band-
width, b, the duty cycle, Dr, and some function f(S/N ) of the signal to noise ratio. Thus:

I a bDcf)o (2)

It can be shown (±& Sites (7)) that:

Dc h Nq(q > qi 0)t n l (3)
qo

where N q is the number of trails with q greater than some threshold value qo0 and T is the

time constant for signal amplitude decay which from equation (1) is given by:

2 2
T )2 sec .

16w 2D

Rewriting PR in equation (1) as S , the threshold received power, and expressing the background
n

noise power as b n where n describes the noise power spectrum, we have:

PGG3-n 2PTGTGR q0  (4)

N b

For b and S/N constant it follows from (3) and (4) that:

I -D (P TR) 05 (7 -n)/2 (5)I c \TGT
G
R(5

For ground-to-ground links the background noise level is generally assumed to be determined by cosmic
noise and as such n - 2.3 (Cottony and Johlers). Thus we can write:

2.35 (6)

It follows that when consideration is only given to the scattering process the frequency choice should be
as low as possible.

An attractive aspect of VHF MBC relative to HF communications (which still forms the majority of
BLUS communication systems) is, however, its immunity to ionospheric disturbances at auroral and polar cap
latitudes. For non-deviative absorption the absorption coefficient is given by the well known quasi-
longitudinal expression:

2 Nv neper m- (I neper - 8.7dB) (7)

2cmc (W + H)2 + v
2

-3
where c is the velocity of light in vacuo, N is the electron number density (m ) v is the electron-
neutral collision frequency, w is the angular frequency and wH is the electron gyro frequency. As a

consequence of this inverse square relationship with operating frequency a VHF MBC system is more robust
to precipitation events than an HF system. The fade margin will, however vary considerably within the,
generally adopted, operating frequency range (35 MHz to 100 MHz). Therefore, although, as previously

-2.35
described, the information throughput will under conditions of no absorption vary as f , requiring the
frequency choice to be as low as possible, the inclusion of the effects of absorption may indicate that a
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higher frequency choice would be better at high latitudes. To investigate this, and other effects,
further a sub-auroral meteor burst propagation experiment has been set up. In addition, a theoretical
study has been conducted regarding other potentially detrimental effecta, with special reference to their
frequency dependence. .-

3 A HIGH LATITUDE METEOR BURST PROPAGATION EXPERIMENT

3.1 Experimental equipment

In order to investigate the possibility of using MBC at high latitudes an experimental propagation
link has been set up between Bodi in Northern Norway (67.27N, 14.39E) and Wick in Northern Scotland
(58.56N, 3.28W). The location of these stations is shown in Fig 1. The transmitting station (Fig 2),
located in Norway, simply consists of a signal generator feeding a 200 watt linear power amplifier which
in turn drives a four element Yagi antenna operating at 70 MHz or a dipole operating at 40 MHz.
Unfortunately, the feeder cable loss to both antennas is high and the input power to both antennas is only
50 watts. As a consequence of the site flatness and proximity to the sea (200 m) the expected antenna -
radiation patterns are multi-lobed in the vertical plane, due to the negative ground image. Fig 3 depicts
the theoretical pattern for both antennas given a perfectly conducting plane earth. The 70 MHz antenna
has a main lobe directed at the path mid-point. The 40 MHz antenna unfortunately fires its main lobe at a
higher angle and, therefore, short of the mid-point. Details of the antennas are provided in Table I.

At the receiving station the antennas, directed towards Norway, include 4-element Yagi antennas at
both 70 MHz and 40 MHz. Given a good ground image both have been adjusted for mi4-point illumination
since 2 April 1985. Prior to this date, however, the 40 MHz antenna was mounted at a height giving higher
angle illumination. Experimental calibration of the 70 MHz receive antennas has been carried out and the ,.
gain obtained is -4 dB less than the theoretical maximum given a perfect plane earth. This is not unex-
pected since this site is rougher than the Norwegian site. In addition to these two antennas others are
available but directed towards Farnborough (Hampshire) (51.27N, 359.37E) in southern England. These
antenna have been used for temperate latitude experiments of a similar nature.

Signals from the receive antenna are processed by the system shown in the simplified block diagram,
Fig 4. Signals at one of two operating frequencies are down-converted and fed into an HF communications
receiver. The digitised AGC voltage, which after calibration provides a measure of the signal level, is

* processed by the desktop computer which searches for meteor and other signals. To be accepted as a
signal, rather than noise, the receiver output level must remain >10 dB above the noise for >60 ma. By
using a criterion, based upon the rise time of the signal, underdense meteor returns are filtered from
overdense and other signals. Data is collected in 3 hour blocks for a 2 or 3 day period, at each fre-

*quency, each week, and stored on disc. The stored data consists of signal start and end times and the
time that the trail amplitude reaches its maximum value, together with trail durations and maximum signal
amplitude. At the end of two or three days the data files are transferred from the remote receiving
station in Wick to our laboratory VAX11/730 at Farnborough via a telephone modem data link, for further
processing. The data link also allows us to Interrogate the system operational characteristics and to .

upload new operating programs, running schedules etc.

It is appropriate to point out that colocated with the Wick meteor scatter receiving equipment is
the British contribution to the Scandinavian and British Radar experiment (SABRE). The SABRE viewing area
is shown in Fig 1 and just covers the mid-point of the Bodo to Wick path.

3.2 Experimental results

Figs 5 and 6 show typical diurnal variations obtained for this link at 40 MHz and 70 MHz. Each
point represents the total number of trails which occurred during the previous 1 hour period. The
expected diurnal variation, (see also section 4.1) due to sporadic meteors, with a peak near dawn and a
minimum near dusk Is evident. Superimposed on this we see, at -1300 UT the effect of a meteor shower.

Fig 7 shows 3 days of atypical 40 MHz data. These data were collected on 23, 24 and 25 March 1985.
Over most of this period the number of received signals followed the expected distribution but on several
occasions the signal count increased considerably. These events can be seen at 24 UT on 23 March at 16,
17 and 23 UT on 24 March and at 06 UT on 25 March. As previously described the amplitude time envelope of
each detected signal is not stored but the time and amplitude of the signal maximum is. Fig 8 shows an
amplitude time plot for one of these periods on a 3 hour time scale. Each point represents an occasion -

when the received signal strength exceeded the background noise plus 10 dB for greater than 60 ma. Since
these data were collected in 2 minute blocks every 5 minutes, gaps in the plot of less than 3 minutes
should not be construed as being physically significant. The vertical amplitude distribution of received

* signals, between 144 and 180 minutes makes clear the reason for the high signal counts shown in Fig 7.
Such high amplitude and frequently occurring signals are not characteristic of those from meteor trails
which, are typically described by the widely separated dots previous to this time. By further expansion,
Fig 9, we can examine the amplitude time distribution m~ore carefully. We see that the maximum amplitude

is mildly oscillatory with an occurrence frequency of -'2 Hz.

At present It is difficult to interpret these results with any physical certainty. On one of the
occasions cited SABRE detected a discrete hand of radar irregularities which moved -800 km south in

of signals. On occasion the received signal has been Identified as our own but on other occasions the
signals have been logged during periods when the Bod4 transmitter was switched off. One likely and not
surprising, explanation is propagation of our own and cochannel distant transmissions via an auroral-E
path. If this is so the use of frequencies as low as 40 MHz, for MBC at high latitudes, must be recon-
sidered since one of meteor bursts attractions, the secure nature of the transmission mode, will be lost.
At no time have such signals been detected at 70 MHz.



9.1-4

4 POLARISATION ROTATION IN HIGH LATITUDE MBC SYSTEMS

4.1 Introduction

In designing an MBC system for operation at any latitude the system designer must address the sta-
tistical variation of signals. Both yearly and diurnal variations can be described but only the latter
are of interest here. These are variations in meteor arrival rate, variations in meteor velocity, and
variations in effective radiant. The sporadic meteor arrival rats has a roughly sinusoidal variation
throughout the day with a maximum near 0600 LT and a minimum near 1800 LT. The ratio of maximum to mini-
mum is about 4. The meteor velocity variations follow the same pattern and lead to a diurnal variation In
trail height which is strongly coupled to the diffusion time constant, and which in turn leads to a7
variation in the duration of meteor bursts. Thirdly, due to the orbital motion of the earth, most meteora
appear to have radiants concentrated ahead of the earth and very few radiants appear behind the earth. As
the earth rotates the position of this concentration moves relative to the transmission path and as a con-
sequence the ge 9metric factors in equation (1) will vary giving rise to a diurnal variation in signal.
Meeks and James quantified this complex diurnal variation but the simple (albeit unrealistic) assumption
of an isotropic distribution of meteor radiants over the sky can of en provide sufficient physical
insight. Such a model was first introduced by Eshleman and Manning . We show here that, at frequencies
in common usage in MBC systems (-40 MHz),' Faraday R~bation is also an important factor effecting the diur-
nal variation of signals at high latitudes. Cannon has investigated this effect at temperate latitudes.

4.2 Theory

The number of effective trails per unit area varies within ihe area illuminated by the antenna and
is an important system parameter. Following Eshleman and Manning a probability duration factor,Pd

can be defined for a uniform distribution of meteor radiants. Three quantities; echo amplitude, duration
.0 and number of echoes are important parameters controlling the efficacy of scattering. P d expresses the

fraction of those trails that pierce a differential area In the horizontal plane at height h rand which

are orientated to produce a signal of a certain amplitude and with a certain duration. P d is

referenced to a standard echo unit the amplitude and duration of which is taken to be the value obtained
from a trail if viewed from a backscatter range of D. P d is shown in Fig 11 (middle panel) for a

receiver to transmitter range (2D) of 800 kin, applicable to a link Bodo to Oslo (60.ON, 11.1E) which we
will examine further later on. It can be seen that the highest percentage of effective trails lie off the
great circle path. The dotted lines show azimuthal 3 dB contours for a 4-element Yagi, an antenna in
common usage in MBC systems.

At VHF and above the effects of collisions in the Appleton-11artyle equation can often be neglected
and, given that the quasi-longitudinal approximation holds (t& Davies ), the total Farada T2 rotation Q
in radians, for a one way passage through the ionosphere is given by Rishbeth and Garriott as:

Q - 2.36 x 1O 4 [ o X N(h) sec 0 dh ,(8)

where f -the wave frequency, Hz, -
B - the local magnetic field, Wb m
X - the angle between the radio wave normal and the magnetic field direction,
0 - the angle between the wave normal and the vertical

and h -the height, m .

In a NBC system the integration is only applicable over the height range 0 to h the mean reflection
13 r

height, which was determined from the equation given by Brown and Williams

h17 1o, (f x 10-6 )+ 12)X 10, m .(9)

rr

the path. Writing:

h
rrJ N(h) sec 0 dh - EN sec 0 ,(10)

0-

where EN is the vertical electron column density (m -2 we have

a . 2.36 x 10 4Bcoo X EN sec 0.(1)N

Using (11) the Faraday rotation losses can be calculated for underdense scattering.
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Consider a horizontally polarised wave transmitted from a ground station which due to its passage up
to the trail, through the ionosphere, is rotated by an angle 9 due to Faraday Rotation. At the
scattering height the incident wave, E1 , can be resolved intouvertical and horizontal components

E(h,v) For underdense scattering from the train the scattered horizontally and vertically polarised .

component signals Er(hv) are dependent upon the angle 6(h,v) , between the incident component signals,

E,(h,v) and the reflected wave normal such that:

Er(h,v) - a Ei(h,v) sin 6(h,v) , (12)

where a is a factor dependent upon the trail electron density and certain geometrical characteristics of
the trail and 6 accounts for the amplitude pattern of the scattering electrons in the horizontal

(h~v)
and vertical planes. For propagation on the great circle path simple geometrical considerations show that
6h - 90 deg for the horizontally polarised component however 6v  * 90 deg for the vertically polarised

component. As a result of the differing values of 6(h,v) one or other component is preferentially

scattered and consequently the plane of polarisation is further rotated. On the downleg Faraday
Rotation, of magnitude, Sd will occur which may be in the same sense, or in the opposite sense, to the

upleg rotation. If n is the angle of polarisation after reflection it can be shown that:

En a aIEiI[(cos Q sin 6h + (sin Qu sin 6v) 2],(3

at

tan- [sin 0u sin 6v, (14)
cos u sin 6

where at the mid-part of the great circle path

- - cos 20 (15)v

and v

h - 90  
(16)

At other points both on and off the great circle path between the transmitter and the receiver 6(h,v )

take other values. In general if 0 u and 0 d are the upleg and downleg values of 0 and au and

a are the azimuthal bearings of the wave normals on the upleg and downleg respectively, (both measured

at the trail) then:

8v  - cos(u + 0d) (17)

= - cos(a d - a) (18)

It follows that for a linearly polarised receive antenna the fraction of incident field available, rela-
tive to that available if no polarisation rotation had occurred is:

I E I (19)
P = a Ei I I cos(n ± d) IS

4.3 Model calculations

Equation (19) has been evaluated for an auroral radio link Bodo to Oslo using electron density models
applicable to two levels of precipitation. Fig 10 shows auroral electron density profiles given by
Jesperson et al's for riometer absorption events of 0 dB and 1.5 dB, both measured at 27 MHz. It is
assumed that the precipitation is homogeneous over the entire ionospheric portion of the propagation path.
Calculations show that the maximum predicted loss associated with the 0 dB event is only 0.2 dB over an
area ±300 km either side of the great circle path and the user will be unaware of its effects. Fig II
(left panel), however, shows the predicted polarisation rotation losses for the 1.5 dB event. In this
case considerable loss occurs over a wide area exhibiting a high value of Pd (middle panel). This loss

is controlled by two factors. Firstly the polarisation mismatch at the receive antenna, which is a func- ., ,
tion of both the up and downleg Faraday rotation and secondly, by the preferential transmission of the
horizontal component (at least on the great circle path) which is a function of the upleg Faraday rotation
only.

By superposing the Polarisation loss contours and P the effect of the losses can be seen.
Defining a throughput factor Tf as: -

Tf . Pd 10 
AE P / (20)
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we arrive at Fig 11 (right panel) for the 1.5 dB absorption event. Comparison of Fig 11 middle and right
panels shows that the contours have been distorted and the areas within each contour reduced. By scaling
the areas within the antenna common areas and within each contour for both P d and T f the fractional

reduction In throughput, (R f) , due to the polarisation mismatch, can be obtained. The results of such

an exercise reveals that the system throughput, over the link is only 75% of that which might have been
expected had Faraday rotation not occurred. In interpreting the effects of the losses some care must be
exercised since the model assumes an isotropic distribution of radiants which is not true in practice. In
addition some redemption of the link will probably occur due to the varying ionisation heights for the
trails which are all assumed to be at 97 km. It is evident however that the Faraday rotation losses, at
40 MHz, during a moderate 1.5 dB absorption event are sufficient to cause problems on a high latitude MBC
link. The Faraday rotation will result in a reduction in the number of trails detected, that is a distor-
tion of the diurnal variation. Equivalently, the data throughput will be reduced. At higher frequencies
the effects will, of course, be less and system designers might, therefore be advised to use higher fre-
quencies than previously thought appropriate.

4.4 Experimental validation

As yet the only validation of this theory is over a temperate latitude link (Cannon1"). Fig 12
shows theoretical predictions, at noon, for a link Wick (Scotland) to Farnborough (Hampshire) (51-3N,
359.3E). This path is again 800 km long and the electron density model used, see Fig 10, is that proposed
by Metchtly et al 1 4 for low and high sunspot number (SSN) periods. Fig 12 shows that the maximum
Polarisation rotation losses are only about 4 dB at high SSN, with lower values expected at low SSN.

Since shower meteors would complicate the diurnal variation and data reduction the experiment was
conducted during April 1984 when there were few shower meteors. The transmitter power was -200 W into a

horizontally polarised dipole and the receiving antennas were two 4-element Yagi's, one horizontally

horizontally polarised signals were transmitted and received and secondly, horizontally polarised signals
weetransmitted but the vertically polarised signal components were received. The data acquisition
pormwas as previously described and only underdense trails were analysed. The SSN at this time was

-60; relatively low. Fig 13 shows the diurnal variation of signals detected on the horizontally polarised
receiving antenna on 17 April 1984. The variation peaks at 0700 LT and reaches a minimum at 1800 LT in
accordance with the earlier description of diurnal variations. Due to the relatively small amount of pre-
dicted polarisation mismatch on thir path, even at high SSN, no statistically significant departure from
the normal 4:1 daily variation was expected.

The-vertical antenna diurnal variation (Fig 14) for 10 April 1984, however, shows a marked peak
towards midday, as might be expected if the amount of rotation and, therefore, the number of detected
trails were solar zenith angle controlled via the electron density term in equation (11) for Faraday rota-

to.By evaluating NvhN the ratio of the smoothed number of trails received respectively on the vertical
tionv hN

and on the horizontal antennas, Nv can be normalised, approximately, to a constant meteor incidence rate.

This ratio is shown in Fig 15, which exhibits the expected distribution with few detected trails during
- .~ the night and a maximum shortly after midday. The discrepancy between the expected maximum at midday and

the measured maximum at 1330 LT is not clear. The phase delay might be due to the sluggishness of the
bottom part of the ionosphere. Alternatively, it may be due to a difference in the diurnal variation of
incident meteors between the vertically polarised measurements on 10 April and the horizontally polarised
measurements on 17 April. The results are, however consistent with the suggestion that polarisation rota-
tion can Influence the performance of a NBC link to its detriment at temperate latitudes.

5 CONCLUSIONS

In the short time since deployed on a high latitude path, the propagation experiment has already
produced some interesting results. The theoretical predictions regarding Faraday rotation losses have
been validated over a temperate latitude link and It is hoped that this can be extended to a high latitude

path in the near future.
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Table 1.

ANTENNA CHARACTERISTICS

Theoretical "

Location Antenna type Operating frequency Antenna galn Bearing

(MHz) (dBi) (true degrees)

Bode dipole 40 8 230

Bod4 'agi 70 15 230

Wick Yagi 40 15 35

Wick Yagi 70 15 35

Wick Yagi 70 15 168

Wick dipole 40 8 168

Wick dipole 70 8 168

."c, d
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DISCUSSION

N.C.Gerson, US
Can you comment on the bandwidth frequency relationship.

Author's Reply
I do not expect a significant variation in operational bandwidth with frequency at least for data rates applicable to our
own system (<50 KHz).

E.V.Thrane, NO
You have looked at the meteor scatter circuit as a system in its own right and searched for the optimum frequency. If a
meteor scatter system is planned as a backup system for HF communication, that is, as a system that will work during a
black-out, the optimum frequency will probably be higher. Have you considered this aspect of meteor scatter
communications?

Author's Reply
No we have not, although this is a good point. At present we are trying to configure a system which will operate in its
own right and which will provide certain advantages (e.g. good A/J and LPI performance) not found in HF systems. It
may also be possible to configure the system for operation at various frequencies, in which case, the operating
frequency can be chosen to optimize data throughput during various levels of absorption.

*, T.Damboldt, GE
Have you considered using M.B.C. as an engineering link on an HF channel which is no longer operating via normal
ionospheric mode? Particularly, this might be applicable after the MUF has fallen below the operating frequency.

Author's Reply
No we have not; however, we have conducted temperate latitude meteor scatter propagation experiments at frequencies
close to 29 MHz, and, as expected, we find that the potential data throughput is higher in the HF band than for channels
operating in the VHF band.

J.S.Belrose, CA
I agree with the conclusions of the author that 40 MHz is too low for high latitude paths. Early Canadian work in the
mid-to-late fifties by Forsyth et al (the JANET system) showed that SPEs could disrupt 40 MHz burst communication.
Later work in the mid-sixties by Maynard et al employing two frequencies near 40 and 108 MHz, over an Ottawa to
Goose Bay path, showed that the high frequency meteor signal was less likely to be "black out", but there were fewer
meteor trails having sufficient density to reflect the high frequency signal and these were of shorter duration. However,
higher data rates could be employed and useful throughput data rates were feasible.

H.Sepp, STC
COMMENTS: Cost comparison SATCOM/Meteor scatter is unfair (1) achievable data rates differ by a factor of
100,000 (2) vulnerability to airborne jamming. QUESTIONS: (1) What applications do you have in mind? (2) Have
you carried out any experiments with mobile receivers (e.g. in aircraft)?

Author's Reply
,' (I) Our application is the transmission of data, rather than voice, however, we are considering the use of a speech

recognizer in conjunction with MBC. (2) Not yet. ,'

4:-',
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CHARACTERISTICS OF HIGH LATITUDE METEOR SCATTER PROPAGATION
PARAMETERS OVER THE 45 - 104 MHz BAND

J.C. Ostergaard J.E. Rasmussen, M.J. Sowa,
ElektronikCentralen J.M. Quinn and P.A. Kossey
Horsholm, Denmark Rome Air Development Center

Hanscom AFB, MA 01731

ABSTRACT
.7*1

* Data being acquired on a high latitude test-bed, to assess the performance of meteor
scatter propagation over the 45-104 MHz band, are described. Emphasis is on data obtained
over a 1200 km path in northern Greenland, which includes initial estimates of: the avail-
ability of usable meteor trails, the potential performance of meteor scatter systems, and
the application of adaptive data rates to improve system performance. The use of the data
to validate and expand propagation prediction techniques for the polar region is als-o
discussed.

1 . INTRODUCTION

The first truly operational meteor Scatter communication system, JANET (Forsyth et
a], 1957), was operated in Canada in the mid 1950's at approximately 40 MHz. The system,Mr
however, was severely impaired by a polar cap absorption event during testing between
Yellowknife and Edmonton (Crysdale, 1960), and experimental research in meteor scatter
propagation essentially vanished. This was partially due to the failure of operation under
disturbed conditions and partially because the technology needed to handle the handshaking
procedures and intermittent data storage requirements was not available in the 195U's.

SHAPE Technical Center developed and tested a new meteor scatter communication
system, COMET (Brown and Williams, 1977), in the mid 1960's in Central Europe and in Nor-
way. This system worked well, but had a fairly low capacity (1-4 telegraph channels).
The advent of satellite communication in the late 1960's, with its large available band-
width and inherently stable propagation, diverted interest away from meteor scatter propa-
gation for obvious reasons of capacity, reliability and economy. Since then, the U.S. Dept.
of Agriculture and a number of private corporations have constructed meteor communication
systems in the Western U.S. (SNOTEL) and Alaska (MBCS). These systems are currently in
operation using fixed data rate signaling and a half duplex handshake configuration.

Recently interest in meteor scatter communication has been revitalized as a result
of rapid advances in microprocessor technology. Some suggested uses for modern meteor
scatter communication systems have included automatic data collection from unmanned sites
and thin-line digital links where privacy and exclusive ownership of the communication
terminals are desirable. These could be either point-to-point service, or mobile service,
possibly incorporating some form of vehicle tracking. Meteor scatter could also be a
candidate for a communication system to be used in the polar regions where geostatlonary
satellites are below the horizon, and where HF systems are regularly blacked out by polar
cap absorption (PCA) events. It is expected that meteor scatter systems operating in the
60 to 1OU MHz frequency range will be less affected by ionosphertc absorption than HF or
lower VHF scatter systems and thus might provide a way to communicate during a PCA event .

This paper describes a unique, diagnostic, link installed in northern Greenland by
the Rome Air Development Center (RADC/USAF) to obtain data required to assess the potential
performance of 45-104 MHz meteor scatter systems operating in the polar region. After a
brief section discussing some of the characteristics of meteor scatter propagation, the
experimental approach and instrumentation being used in the RADC testbed are described.
The current measurement program and some preliminary results are also presented. .

2. BACKGROUND

Normally the ionosphere is not sufficiently dense, nor are the ionization gradients
large enough to efficiently reflect or scatter VHF signals back to earth. However, from
time to time electron densities produced by meteorites entering the earth's atmosphere
provide a suitable scattering mechanism. Such meteor trails are typically only about a
meter wide, but can have lengths of 25 km, and more. The ionization that scatters the VHF
signals is in the 85-125 km altitude range, and it can be used to establish communication
links over a range from about 300-20UU kilometers.

Physical considerations show that for a meteor trail to be useful in linking two
points on earth it must be tangent to some ellipse having those points as foci, as illus-
trated in Figure 1. Furthermore, the scatter from such trails illuminates only a rela-
tively small area in the vicinity of the receiver, thus providing the link with a degree
of protection against outside interference or detection.

There are regions of the sky which are more important than others, in terms of their
contributions to the overall performance of a meteor scatter link. The locations of these
regions can be estimated by consideration of propagation loss factors, such as path length
and scattering efficiency, and how they vary with the angle of incidence between the propa-
gating wave and the axis of the meteor trail. Figure 2 illustrates an idealized result of
such considerations; the relative contributions of the various scattering regions shown
there are given with respect to 'hot spots', labeled as '100' in the Figure. The more
important scattering regions are to the side of the great circle path between the trans-
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mitter and the receiver, in the vicinity of the mid-point of the path. As discussed later,
this has important implications with regard to the siting of antennas for a meteor scatter 4,

system.

Figure 3 illustrates two basic mid latitude relationships associated with the occur-
rence of meteor trails, and the radiowave returns (bursts) originating from them, as derived
from the COMET experiments in Europe. Figure 3a shows that only half of the returns last
for more than 0.4 seconds, and that there is very little diurnal variation in the lengths
of the returns. The intervals between returns, however, have a large diurnal variation,
as shown in Figure 3b. For example, in the early morning, the average interval between -
returns is 3-4 seconds, while in the early evening it is 12-13 seconds. Also, there is a
significant seasonal variation with the maximum in the summer and the minimum in the winter,
as shown in Figure 4. As the result of these diurnal and seasonal variations, the per-
formance of a meteor scatter link varies greatly (a factor of 15 or more) over the course
of a year.

Galactic and man-made noise are limiting factors in meteor scatter systems, however,
man-made noise can often be avoided through siting considerations. The galactic noise is
gaussian distributed and a function of frequency to the -2.3 power. If galactic noise is
assumed to be the only channel distortion on a meteor scatter link, then the instantaneous
capacity of the link is a function of the instantaneous signal-to-noise ratio in the receiver
bandwidth.

One of the goals of the RADC experiments is to obtain data to better quantify the
potential performance of a wide variety of candidate meteor scatter systems at high lati-
tudes. In addition to obtaining data describing diurnal and seasonal factors, emphasis is
also being placed on obtaining data to quantify the effects of scatter from sporadic E-
layers, aurora, and other scattering mechanisms. Also of interest are the observation and
quantification of the effects of anomalous absorption, such as that produced during solar
particle events within the polar cap.

Effects of Sporadic E.

Sporadic E-layers occur at altitudes comparable to those associated with usable .
meteor trails. They are known to occur frequently at high latitudes and to cover relatively
large areas, often lasting for many minutes, or even hours. Sporadic E-layers can have
sufficiently high critical frequencies to reflect VHF radiowaves, so that this mode of
propagation can provide greatly enhanced capacity for a meteor scatter system. However,
it does not provide the directional properties of meteor scatter. The effects of sporadic
E can be mitigated, if desired, by operating at higher VHF frequencies, since the strengths
of the reflections from such layers decrease as the wave frequency increases. It is
expected that the communication capacity of sporadic E modes of propagation will not be
limited by signal-to-noise ratios alone, but by the multipath properties of the channel ,
as well

Effects of Auroral Scatter.

VHF signals can be scattered from field-aligned irregularities in the E-region within 0.
the auroral oval. This mode of propagation is well known from tests of the Alaskan MBCS
system, which have shown that, at times, field aligned scattering accounted for as much as
11% of its total connectivity (Santeford). Signals scattered from aurora can last for
tens of minutes and can have severe multipath structures and rapid fading, properties
which are not compatible with the coherent signaling techniques commonly used in meteor
scatter communication systems. The time and frequency dispersion characteristics of this
mode of propagation, and its potential effect on VHF meteor scatter systems, depend on a
number of factors including the communication system geometry, the directional properties
of the scatter from the field-aligned structures and the morphology of the radio aurora
itself. 

Effects of Absorption. . 6.

Two types of anomalous absorption can be encountered at high latitudes: auroral
absorption, which is confined mainly to paths penetrating the upper D- and lower E-regions
of the ionosphere within the auroral oval; and polar cap absorption, which affects paths
penetrating the D-region inside of the polar cap. Of the two, the PCAi are generally much
more severe and longer lasting. They occur following certain solar flares which dump
energetic particles (protons) into the lower ionosphere within the polar cap. The effects
of such disturbances can include lowering of the ionosphere by tens of kilometers and
significant enhancement of D-region electron densities by orders of magnitudes. PCAs are
known to seriously degrade HF communications in the polar regions for many days.

Knowledge of the morphology of high latitude absorption events has increased greatly
in recent years as the result of a wide variety of experiments, conducted both on the
ground and in space (Kossey et al, 1983; Reagan et al, 1982). The possible mitigation of
PCA absorption effects by increasing the frequency of operation of a meteor scatter system
is i1lustrated in Figure 5. For simplicity the figure construction assumes that the wave
frequency is much greater than the collision frequency in the absorbing region of the
ionosphere. Theoretical results shown are for a 1000 km link, a variety of ionospheric
conditions ranging from ambient (0 dB 30 MHz riometer absorption) to highly disturbed
(greater than 10 dH riometer absorption) and for simplicity, the absorption is assumed to
be inversely proportional to the square of the frequency. The results indicate clearly how
even modest PCAs can strongly affect a meteor scatter system operating in the lower VHF
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* band, and how the absorption effects can be reduced significantly by operating at higher
frequencies.

The advantage of using higher frequencies to mitigate absorption is offset, however,
by a decrease in the capacity of the system, since the received power from meteor scatter
is reduced significantly with increased frequency (predicted to be inversely proportional
to frequency to the third power). Thus, there is some optimum frequency of operation for

* any given amount of anomalous absorption.

asteGalactic noise also suffers absorption during a PCA, but that loss is much less severe
astenoise traverses the absorbing region only once, whereas the signal must go through

the region twice to reach the receiver.

3. RADC METEOR SCATTER TEST-BED IN NORTHERN GREENLAND

The RADC experimental link in northern Greenland was established to address a number
of questions concerning the potential performance of meteor scatter communication systems

V.,in the polar region: the availability of useful meteor trails at very high latitudes; the .o
potential communication capacity associated with those trails; the occurrence, persistence
and effects of sporadic E-layers; and, the effects of polar cap absorption events on the
capacity of 45-104 MHz meteor scatter communication systems, for a variety of signaling
techniques.

Conventionally the assessment of the communication capacity and bit-error-rate for
meteor scatter systems is obtained by deploying a full duplex message handling system.

* This method has the advantage of providing some precise (but limited) communication Infor-
mation; however, the information is relevant only to that particular system and provides
little data on the specific propagation characteristics of the meteor scatter channel. In
contrast the RADC experimental approach exploits the concept that the meteor scatter channel
can be considered as a transfer function. One aim of the RADC experiment is to characterize
the properties of the transfer function in as much detail as possible. To do this both
macroscopic and microscopic time variations are being investigated, including time and

* frequency dispersion factors caused by multipath propagation.

The link is located entirely within the polar cap, in northern Greenland between
Sondrestrom Air Base and Thule Air Base; a distance of 1210 kilometers. As shown in Figure
6, the transmitter (at Sondrestrom) and receiver (at Thule) are not conventional communi-
cation system components. Rather, they were developed to investigate features of meteor
scatter from a propagation point of view, as well as from a communication viewpoint. The
efforts under this initial measurement program have concentrated on characterizing the time
and frequency variations of the transfer function including the variation in the instan-
taneous signal-to-noise ratios of each return from a meteor trail.

Figure 6a shows a block diagram of the transmitter, which is computer control led and
provides periodic transmissions at 45, 65, and 104 MHz. The frequencies are changed every
half-hour. In each 30 minute time block, the first 5 minutes are devoid of transmissions
so that background noise measurements can be made at the receiver. The output power at
all three frequencies can be varied, but is nominally 1 kilowatt. The transmitting antennas
are Yagis, mounted so as to radiate horizontally polarized signals. The antenna gains are

%about 11 dBi and the beamwidths are approximately 55 degrees. A 400 Hz FM modulation is
ipsdon the transmissions as a signature to identify the signals at the receiver.

% .Figure 6b shows a block diagram of the receiving system. A feature of the system is
a waveform analyzer which captures the time history of each return. This data is recorded
in digital form for later reduction and analysis. The receiving antennas are similar to
those at the transmitting site. Because of the desire to quantify the effects of polar

* . cap absorption events on the meteor scatter signals and the background noise, a special
low noise receiver was built, having a noise temperature of 110 degrees, or a noise figure
of 1 .3 dB . The receiving system is controlled by a small computer, which cycles the re-
ceivers each half hour in accordance with the frequency selected at the transmitter. In
addition, it controls the noise measurements that are made during the first five minutes of V
each half-hour time block, and a system calibration, which is performed once a day.

Early experience with the link showed the importance of locating the transmitting
and receiving antennas at heights to produce as uniform illumination of the common scat-

4 tering volume as possible. Initially, the antennas were mounted between 10 and 12.5 meters
above the ground. Calculations, and some limited measurements at Thule, showed that the
resultant antenna patterns had an excessive number of nulls for elevation angles between
1-20 degrees, the range that illuminates the regions of the sky which are most important to
a meteor scatter systemn. Further calculations showed that if the antennas were located
at heights corresponding to 1.5 wavelengths above the ground, only one lobe would be present
in this interval and an additional gain enhancement of about 5 dB would be achieved at an
elevation angle of 8 degrees.

Figure 7 shows the result of a calculation of path losses associated with the position
of Scatterers within the common volume illuminated by the transmitting and receiving antenna-,
of the RADC link. The calculations are for 104 MHz . In Figure 7a the antennas are assumed
to he located 1.5 X or 4.5 m above the ground, while in Figure lb the antennas are located
3.3 A or 10 m above the ground. The most important features, when the antennas are located
1.5 above the ground (Figure 7a), are the small variations n the losses with respect to
the position of the scatterers and the less than 8 dB variation over the most important
portion of the common scattering volume. When the antennas are 3.3 A above the ground



(Figure 7b), the variation in losses is considerably greater, about 20 dB, and includes a
16 dB valley in the middle of the primary scattering area.

The importance of proper positioning of antennas was demonstrated experimentally on

the RADC link as an increase in the number of returns resulted when the antennas were
moved to the 1.5 X height.

4. EXAMPLES OF SIGNALS RECORDED AT THULE

This section describes a selection of meteor scatter returns received at Thule AB. To

characterize the returns a classification system has been adopted which includes five cate-
gories: those from underdense, overdense, and tiny meteor trails, and those from sporadic
E-layers and other (unidentified) ionospheric scatter modes. Some of these classes contain
waveforms which agree closely with the classical theory of meteor scattering as presented
by Eshleman (1955) and McKinley (1961) (those from underdense and overdense trails). At
present other classes, such as the returns from "tiny" meteor trails and the other uniden-
tified scatterers, cannot be associated unambiguously with a specific physical mechanism of
propagation. However, they occur often enough to warrant separate classifications.

In the data presentations that follow, the received powers are scaled in dB relative
to a milliwatt into a 50 ohm load (dm). This means that the amplitude scales are com-
pressed and that an exponential change in amplitude is presented as a straight line.

4.1 Returns from Underdense Meteor Trails

The returns from underdense trails are characterized by a fast rising leading edge
and a slower exponential decay. Underdense trails account for approximately 80-90 percent
of signals observed. Figure 8 shows a number of returns from underdense trails. The
maximum amplitudes of the waveforms vary over a range of 25 dB and the durations vary from
less than 0.1 seconds to several seconds.

Some underdense returns exhibit fading during their exponential decay. This phenome-

non usually is observed with long lasting trails, and may be attributed to wind moving por-
tions of the trail to different positions and attitudes such that they fulfill the geo-
metric conditions for scattering between terminals of the link. These fades can be deep,

occasionally reaching down to the receiver noise level; i.e., a complete cancellation of
the total received power by destructive interference between components of the received
signal originating from different parts of the trail (Figure 9). The fading attributed
to wind distortion of the trail differs from the amplitude oscillations seen on most of
the waveforms near the point of maximum amplitude. These oscillations occur during the
formation of the meteor trail, as the meteorite moves through the Fresnel zones of the
scattering geometry (e.g., see Manning, 1959).

4.2 Returns from Overdense Meteor Trails

The returns from overdense trails are also characterized by a fast rising leading

edge; however, the amplitude continues to increase after the trail is fully formed, and
reaches a maximum before decaying exponentially. Examples of returns from overdense
trails, which constitute approximately 5% of the returns observed, are shown in Figure 10.
The maximum amplitudes are generally larger than those from underdense trails. The returns
from overdense trails can have very long durations exceeding the receiver's present obser-

vation window of four seconds. The majority of the waveforms which last longer than one
second can be classified as returns from overdense trails. There are, however, a number of

returns from overdense trails for which the maximum amplitude is comparable to the average
maximum amplitude for returns from underdense trails, and which last less than a second.

As the overdense trails generally tend to last longer, they are especially prone to
wind distortion, as described previously. Some of the atypical returns from overdense
trails are shown in Figure 11.

4.3 Returns from Tiny Meteor Trails

This classification has been established to account for the multitude of very small
returns from meteor trails which have a duration of less than 0.1 sec and maximum signal
to noise ratios of 10 to 12 dB (30 KHz receiver IF bandwidth). These returns do not exhibit
the exponential decay associated with returns from underdense trails. Returns from tiny
meteor trails account for 1O-Ib percent of the total population. Examples are shown in
Figure 12 .

Two possible physical processes are suggested to explain the shape of these waveforms.
One explanation is that the returns are caused by meteor trails diffusing so rapidly that
only the part of the trail closest to the burning head of the meteorite scatters the radio
waves. This is described by McKinley (1961) and Eshlemann (1955) and termed "head echoes".
According to this theory, the head echoes are observed predominantly at the higher frequen-

cies. The shape of the return from a head echo is "bell like", which fits a large number
of the waveforms in this category. Many of the tiny returns consist of more than one bell-
like shape in succession. This leads to the second suggested explanation; that these wave-
forms originate from underdense trails whose maximum electron line densities are just large 0
enough to produce a signal which exceeds the receiver's noise floor and a signal is only
received for a short while immediately after the passage of the meteor through the principal
Fresnel zone. Whichever explanation is valid cannot be determined by the present experiment.
A verification would call for the use of simultaneous observations at different frequencies.
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the use of different power levels, and the measurement of the Doppler shift produced by
the trail.

4.4 Returns from Sporadic E Layers

This classsification is used to account for the occurrence of very strong signals

(up to -75 dBm), which can last from a few minutes to more than 25 minutes. Examples of
such signals, which are observed occasionally at Thule AB at 45 MHz and 65 MHz, are shown

-., in Figure 13.

These signals do not originate from meteor trails, nor can they originate from the
ionosphere's F-layer, as this does not reflect obliquely at VHF frequencies on a path as
short as the Sondrestrom AB - Thule AB path. Sporadic E-layers are known to have electron
densities large enough to permit oblique reflections at frequencies in the lower VHF spec-
trum. The main characteristics of the signals, apart from their long duration, are the In
large amplitudes, and the slow, deep, fades.

Considering the signal to noise ratio alone, which for sporadic E-layers can exceed
40 dB (in a 30 KHz bandwidth), a high signaling speed could be allowed as supported by the
signal-to-noise ratio in the required bandwidth. In reality, however, the usable signaling
speed is most likely limited by other propagation factors such as time decorrelation. Thisis presently being investigated under the RADC program.

4.5 Unidentified Scatter Returns

Occasionally, relatively weak but long lasting signals are received that are charac- ,

terized by rapid fading as illustrated in Figure 14. These returns fit, superficially, the
.1 description of scattering from field aligned irregularities as described by Dyce (1955).

However, such scattering as a mode of propagation is not plausible for irregularities at
F-layer heights. Neither is it very likely for irregularities at E-layer heights, owing
to the near vertical geomagnetic field and the positioning of the Sondrestrom AB - Thule
AB path north of the auroral oval. Since the signals often precede sporadic E events,
they may be reclassified as returns from weak sporadic E-layers after more detailed analysis.

5. DATA REDUCTION PROCEDURES

Data reduction procedures have been developed to calculate capacities and waiting
times as a function of bit-error-rates for a number of hypothetical meteor scatter systems.
The computations are based on the instantaneous signal-to-noise ratios in the bandwidth
of the receiver. This has the advantage that the recorded waveforms can be used to eval-
uate numerous potential meteor scatter communication techniques, and the results are not
limited to any specific modulation or signaling scheme. The use of a conventional message
handling system would have given very precise information on the bit-error-rate and capacity
for that particular system, but the limitations imposed by the propagation mechanism would
not be separable from those imposed by the hardware of the system itself.

The procedure chosen for the data reduction uses the previously mentioned concept of
a transfer function for the meteor scatter channel. The usefulness of the approach depends
upon the accuracy and the detail with which the function can be measured. Presently, only
the instantaneous signal-to-noise ratio in the channel is measured, and the noise is pre-
sumed to be of galactic origin with a Gaussian distribution. The only channel distortion
accounted for is the antenna and receiver noise. This does not constitute a fully valid
channel transfer function, but it has been reported by earlier workers (Grossi and Jahved,
1977; Sites, 1977; Weitzen et al, 1984), that the meteor scatter channel does not exhibit
significant channel distortion due to time and frequency dispersion. This leads to the
conclusion that, to a first approximation, the properties of the meteor scatter channel
can le analyzed on the basis of measurements of the signal-to-noise ratio. It is important
that this approximation be validated or modified, if necessary, with the results of actual
measurements of differential Doppier spreads and multipath properties of the channel.

5.1 Calculation of Signaling Speed and Message Content

The performance of a digital modulation system, in terms of bit-error-rate (BER), can

be expressed as a function of the ratio between signal power and noise power in the channel.
Various measures can be used, but the most common is the carrier-to-noise ratio (C/N), ex-
pressed as the ratio of the ,modulated carrier power to the noise power in a bandwidth
equal to the bit rate. Aln rnatively, the basehand equivalent (Eb/No), defined as the ratio
between the average signal energy per bit and the noise power spectral density, can be used.

Using key numbers which link BER and signaling-speed performance specifications to
the equivalent C/N or Eb/No requirements (Oetting, 1979), every recorded return is analyzed

r to determine the maximum signaling speed it could have supported. Distributions of this
quantity are calculated to evaluate the range of possible signaling speeds which could be
supported by the meteor scatter mechanism. These distributions are important in that the
signaliny speed is a prime factor in choosing a communication processsor, especially if
adaptive siqnalinq schemes are contemplated. It should be kept in mind that the analysis
ipproach descr hed here determines maximum theoretical values, which may not be realized 0
in practi4re due to synchronizit ion requirenents, allowable spectrum allocation and equipmenti I !Vmi ,at !ons .

rTe capacity in hits fnr each individuaI return can be calculated from the instan- -
taneous carrier-to-noise ratio, for the chosen modulation and signalinq schemes. A set of

"4,
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five commonly used digital modulations has been selected for evaluation: BPSK, QPSK, DPSK,
MSK and FSK. Coherent detection is assumed for all the chosen modulations except for FSK.
Non-coherent detection of FSK is a simple demodulation technique and is especially attractive
for meteor scatter systems because of the relative ease of signal-acquisition. However, its
performance relative to the C/N for the channel is not as good as the performance of other
coherently detected phase modulation techniques.

The signaling schemes used in the analysis include adaptive signaling, for which *the
instantanaoui signaling speed is chosen to match the instantaneous C/N in the channel; and -

fixed signaling speeds of 5, 10, and 15 kbits/s. A BER performance of 10-4 is assumed in .
all1 c as e s. The use of a fixed signaling rate is not a very efficient mode of communication,
as the inherent capacity of a meteor return will not be fully utilized during the periods
when the received C/N exceeds that minimumly required for the specified modulation technique ~
and signaling speed. Nevertheless, a fixed signaling speed system might be preferred for
many applications, based simply on hardware and cost considerations. Thus, a goal of the
data analysis is to investigate the capacity of potential meteor scatter systems for a
number of assumed fixed signaling speeds, and to determine an optimum signaling rate, if
one exists.

5.2 Data Presentation

A package of computer programs has been developed to perform the calculations of the
capacity, the signaling speeds, and the waiting times for fixed length messages from the
returns received at Thule AB. The programs generate distributions of the calculated
quantities and present them in a series of graphs and tables. Some of these are described
belIow .

*6. SAMPLE OF RESULTS FOR FEBRUARY 1985"7*

In this section examples are given to illustrate some of the propagation and communi-
c at ion pa ramete rs th at can be de ri ved f rom a nalIys is of t he retu rn s re cei ved at ThulIe AB .
The results are confined to February 1985, a period with no significant ionospheric
disturbances.

Fi gure 15 presents cumulative distributions of results for the time block between
1000-1200 UT, as obtained from the 45, 65, and 104 MHz returns, Included are return dura-
tions, intervals between returns, maximum antenna voltages across 50 ohms, the maximum
signaling speeds and the capacities in bits for the returns when using BPSK modulation
with adaptive and fixed signaling rates. The figure indicates that for this particular
period the return durations and the maximum antenna voltages decreased slightly with in-
creasing frequency while the intervals between returns increased sharply as the frequency

increased. It was particularly surprising to find that, for this limited sample, the-Amaximum signaling speed increased with frequency. This was due to an increase in the
signal-to-noise ratio with frequency which resulted when the galactic noise power decreased
with frequency to the -2.3 power, as expected, while the maximum signal power decreased
with frequency to only the -1.7 power, rather than the -3 power expected from simple
scatteri ng theory.

Figure 15 also shows that very few returns will support signaling rates exceeding 1
Mbit/s. It is known from earlier experiments (Grossi and Jahved, op. cit.; Sites, op. cit.;
Weitzen, et al , op. cit.) that the available bandwidth for the meteor scatter channels
exceeds 1-2 MHz, and thus this observation to a certain extent validates the use of a
gaussian noise limited channel model for the present computations. Measurements of the time
dispersion of the returns are still needed for an absolute validation of this channel model.

The communication capacity of the individual returns decreased as the frequency
increased due primarily to the reduced return duration. However, the decrease does not
exceed a factor of 1: 2 over the 45 MHz to 104 MHz frequency range. It must be concluded,
therefore, that the single most important cause of the decrease in the overall communication
capacity with increasing frequency is the increase in the interval between returns.

Fi gure 16 shows the mean diurnal variations for February 1985 of the following basic
parameters: return duration, maximum antenna voltage and interval between returns. The
diurnal variation in the interval between returns is seen to be approximately 1:2, which
is less than that observed at lower latitudes (1:4-5 at northern mid latitudes).

The diurnal variation in the means of the maximum signaling rate and the return
capacity for BPSK modulation is presented in Figure 17 for the three operating frequencies
of 45, 65 and 104 MHz. rhe return capacity is shown as a function of the four basic si g-
naling schemes: adaptive signaling, and fixed speed signaling at 5, 10 and 15 kbits/s.
This figure shows that the trend indicated in Figure 15 continued throughout the day with
the maximum signaling rates at 104 MHz consistently exceeding that at 45 and 65 MHz.

Distributions of the waiting times for the transfer of fixed length messages have
been calculated for BPS( modulation. Again the four basic signaling schemes are assumed,

The message lengths chosen are 50, 1OU, 200 and 400 8 bit characters. Message piecing has
been used for the calculations. Thus if a message is too long to be transferred ona

the message transfer until the whole message has been received after having been transferred
In pieces in a number of succeeding bursts.

Figure 18 presents the distribution of waiting times at 45 MHz for the time block 1OUD-
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1200 UT. The curves coincide for short messages, indicating that the four basic signaling
schemes perform equally well. For the longer messages of 200 to 400 characters a difference
in performance is noted. Adaptive signaling produces the shortest waiting times, while no
significant variation is seen for the different fixed speeds. This trend is also observed
at 65 and 104 MHz.

The diurnal variations in the mean of the waiting times at 45, 65 and 104 MHz for BPSK
modulation and adaptive and 5 Kbits/s fixed signaling rates are given in Figure 19. This
figure shows that the advantage of adaptive signaling for longer messages becomes even more
significant when the operating frequency is increased from 45 MHz to 104 MHz.

Table 1 provides a statistical summary of some of the 45 MHz results. Of special
note are the data indicating the relative contributions of the overdense trails to the
overall performance of the link. Even though only about 5% of the returns were from over-
dense trails, those returns provided 60% of the computed capacity when ideal adaptive
signaling was assumed. The contributions of the overdense trails were less, but still
very significant, when fixed signaling rates were assumed. The average throughput ranges
from 1200 bits/s for adaptive BPSK signaling to 51 bits/s for FSK fixed signaling
at 5 kbits/s.

The relative performance of each modulation and signaling technique is given with
respect to the FSK, 5 kbit/s mean capacity per return.

FIXED SIGNALING RATES (kbits/s)
ADAPTIVE SIGNALING BPSK FSK
BPSK FSK 5 10 15 5 10 15

CAPACITY (kbits)
ALL RETURNS 2910000 1800000 230000 219000 241000 124000 146000 168000
OVERDENSE RETURNS 1720000 1110000 72400 92800 110000 50300 68500 84820

%-OVERDENSE RETURNS 59.0 b1.3 31.5 42.2 45.7 40.5 46.7 50.3
MEAN CAPACITY/RETURN (kbits) 50 45 3.9 3.8 4.2 2.1 2.5 2.9
REL. PERFORMANCE 23.4 14.5 1.8 1.7 1.9 1.0 1.1 1.3
MEAN THROUGHPUT (bits/s) 1200 746 95 91 100 51 61 70

Table 1. Summary of statistics for 45 MHz during February 1985 assuming BPSK and FSK
modulation and adaptive and fixed signaling schemes.

Table 2 shows the corresponding results at 65 MHz. Comparison with Table I indicates
that the calculated capacity of the meteor scatter link at 65 MHz was considerably less
than at 45 MHz, as expected. In this case the overdene trails accounted for less than 3%
of the returns, yet they contributed over 70% of the capacity calculated for adaptive data
rate signaling. At 65 MHz the average throughput ranges from 374 bits/s for adaptive BPSK
signaling to 14 bits/s for FSK fixed rate signaling at 5 kbits/s. &

FIXED SIGNALING RATES (kbits/s)
ADAPTIVE SIGNALING BPSK FSK

BPSK FSK 5 10 15 5 10 15
CAPACITY (kbits)

ALL RETURNS 905000 594000 51900 60900 65100 33800 39500 46400
OVERDENSE RETURNS 648000 447000 18300 26700 32800 14100 20500 25700

%-OVERDENSE RETURN 71.6 75.1 35.3 43.7 50.4 41.7 51.8 55.3 _ .

MEAN CAPACITY/RETURN (kbits) 49 32 2.8 3.3 3.6 1.8 2.2 2.5
REL. PERFORMANCE 26.7 17.5 1.5 1.8 1.9 1.0 1.1 1.3
MEAN THROUGHPUT (bits/s) 374 224 22 25 27 14 16 19

Table 2. Summary of statistics at 65 MHz during February 1985 assuming BPSK and FSK
modulation and adaptive and fixed signaling schemes. %

Table 3 shows results at 104 MHz. Again the calculated capacity of the meteor scatter .

link at 104 MHz was considerably less than at 45 and 65 MHz. In this case the overdense
trails accounted for less than 3% of the returns yet they contributed nearly 70% of the
capacity calculated for adaptive data rate signaling. At 104 MHz the average throughput
ranges from 118 bits/s for adaptive BPSK signaling to 3.4 bits/s for FSK fixed rate
signaling at 5 kbits/s.

FIXED SIGNALING RATES (kbits/s)
ADAPTIVE SIGNALING BPSK FSK -. ".I

CAPACITY (kbits/s) BPSK FSK 5 10 15 5 10 15
ALL RETURNS 286000 187000 13300 15300 18000 8320 10800 12400
OVERDENSE RETURNS 192000 133000 3590 5390 7090 2840 4480 5860

%-OVERDENSE RETURN 67.0 70.9 26.9 35.2 39.4 34.1 41.4 47.4
MEAN CAPACITY/RETURN (kbits) 46 30 2.1 2.4 2.9 1.3 1.7 2.0
REL. PERFORMANCE 34.3 22.4 1.5 1.8 2.1 1.0 1.2 1.4
MEAN THROUGHPUT (bits/s) 118 77 5.5 6.3 7.4 3.4 4.5 5.1

Table 3. Summary of statistics at 104 MHz during February 1985 for BPSK and FSK
modulation and adaptive and fixed signaling schemes.

7. SUMMARY

The RADC meteor scatter link in northern Greenland has been established to investigate
the potential performance of meteor scatter communications in the polar region, under a _]*:



%,*

variety of normal and disturbed ionospheric conditions. The link is designed to obtain the
data required to characterize a number of important propagation factors, including: the

* diurnal and seasonal variations in the availability of usable meteor trails at high lati-
tudes, the effects of sporadic E and other (non-meteor) scatter mechanisms, and the

* absorption associated with solar energetic particle events (PCAs). A primary goal of the
research is to investigate and quantify how these factors vary with frequency over the
45-104 MHz band. In addition, emphasis is given to providing data that can be used to
project the performance of potential meteor scatter systems, which may employ both adaptive

* and fixed signaling rates as well as a number of different modulations.

To a first approximation, the experimental technique and data reduction provide
inf ormation to describe the meteor scatter channel as a transfer function, in both time ..

and frequency. This requires that the time history of every return be recorded in detail .
In doing this, each return also is classified in terms of its origin; i.e., whether it is
from a meteor trail (underdense, overdense, or tiny), from a sporadic E-layer, or from
some other source of VHF scatter. Such classification is important for the assessment of
the relative contributions of each of these scattering mechanisms to the overall performance
of potential VHF scatter systems.

An extensive software package has been developed to reduce the large volume of propa-
gation data being acquired on the li n k. The data reduction and analysis provide statistical
distributions of a number of important communication parameters, including the duration of
the returns, the time interval between returns, the communication capacity for each return,
the waiting times required to pass messages with fixed lengths and the average throughput.
These are determined for fixed and adaptive signaling rates, and for commonly used digital
mnodulations; coherent BPSK, QPSK, DPSK and MSK and no n -co h ere nt FSK .

Practical experience with the meteor scatter link has confirmed that it is very im-
portant (and often difficult) to suppress man-made noise, to insure that the receiving

Asystem is limited only by the background galactic noise. Also, theoretical calculations
(and some specific measurements at Thule AB) showed that the patterns of the transmitting
and receiving antennas depend greatly on the local terrains and the mounting heights. it
was found that the throughput over the link was increased when the antennas were remounted
at heights which produced patterns providing a uniform illumination of the common scattering
voIu me .

A preliminary investigation of the returns observed during February 1985 revealed that
the mean interval between returns was proportional to the frequency squared and varied by
a factor of about two throughout the day regardless of frequency. The data also showed that
the diurnal variations in the mean duration and maximum amplitude of the returns were
about 2:1.

Prel iminary calculations, using only a small portion of the data, already provide
indications of the potential performance of candidate meteor scatter systems using fixed
or adaptive signaling rates and a number of modulation formats. For example, when the
fixed signaling rate was increased by a factor of three, from 5 kbits/s to 15 kbits/s, the
increase in the throughput of the link was always less than 30% at 45 and 65 MHz regardless
of the chosen modulation scheme. In contrast, when ideal adaptive signaling techniques
were used, the throughputs increased by about a factor of 12 for the same modulation.

Using the peak amplitude of each return, calculations were made to determine the ,4.

maximum signaling speed that could be supported. Although it had been expected that the
maximum signaling rate would decrease as the frequency increased, the data indicated the
opposite with 104 MHz supporting the highest peak rate throughout the day. At 45 MHz it
was found that the means of the maximum signaling speed varied between 25 and 3b kbits/s
for BPSK modulation while 104 MHz supported speeds between 50 and 120 kbits/s. Based on
the received signal-to-noise ratio, about 15% of the returns had peak amplitudes that
could support (theoretically) signaling speeds in excess of 100 kbits/s. %'

The February data show that although only about 5% of the returns were from overdense
trails, those returns provided at least 60% of the computed throughput when adaptive
signaling was assumed. This result was independent of the chosen modulation technique or
frequency of operation. These results indicate that theoretical models that are to be used
to predict the performance of meteor scatter systems should include the contributions from
overdense trails.

8btSome statistics for the waiting times to transfer messages of 50, 100, 200, and 400
% 8 bitcharacters were also computed. In doing this, message piecing was assumed. For 50

and 100 character messages it was found that the waiting times were almost independent of
the signaling rates and modulation Scheme that were chosen. Rather, the waiting times were
dictated by the time intervals between the meteor scatter returns. For the 200 and 400
character message lengths, however, it was found that the waiting times were decreased
significantly when adaptive signaling was assumed, particularly at the higher operating
frequencies. This is i n accordance with the increase in throughput f rom each return that

- is achieved when adaptive signaling rates are used.

Average throughput values for the month of February were calculated as a function of
signaling technique (adaptive or fixed data rates), modulation and frequency. These values
covered a wide range from 1200 bits/s for adaptive BPS( signaling at 45 MHz to 3.4 bIts/s
for fixed FSK signaling at 104 MHz.
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At present the data provide estimates on the potential performance of VHF meteor
scatter systems that are somewhat idealized, in that the results are derived only from
signal-tonoise measurements, and do not include limitations that may be due to time and
frequency dispersion in the channel. It is expected that this distortion is small.
Experiments are currently underway at RADC to validate this assumption.

The primary purpose of this paper has been to describe the RADC meteor scatter link
and to illustrate some of the propagation and communication parameters that it can provide.
As such, only a very small sample of the data that are being obtained has been included
here. Future papers will emphasize that data, its analysis and interpretation, and its
use in assessing the potential performance of candidate meteor scatter systems.
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Fig. 1. Geometry of specular scattering Fig. 2. Relative signal contributions
from a meteor trail (Oetting, 1980). from various parts of the meteor region

computed for a 1000 km path (Ince, 1980)
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DISCUSSION

N.C.Gerson, US
Would you agree on the basis of your present studies, that the old characterization of meteor scatter still holds; i.e.. a
meteor scatter system provides a highly reliable low data rate system'?

Author's Reply
Due to recent advances in microprocessor technology, meteor scatter communication is being reevaluated. This
evaluation is still in its initial stages, and final conclusions on the applicability cannot yet be drawn. However, the results
so far obtained with the RAI)C high latitude testbed indicate that meteor scatter communication does indeed have an
unexplored potential which, when utilized, could considerably enhance the capacity of meteor scatter communication
systems relative to the svstems in use today or the systems investigated in the past.

P.S.Cannon, UK
Does your calculated adaptive data rate and improvement take into account the practical implementation of such a
system which must necessarily reduce any such advantage over a fixed rate system?

Author's Reply
The calculated adaptive capacities represent theoretical maxima for the selected frequencies. They do not include
overload, as needed for synchronization of coherent detectors, or degradations due to a finite number of signalling rates

*in an actual system. These overload factors need to be included if the performance of a proposed hardware scheme is to
be assessed using the data collected with the RAD(" meteor scatter tested. They have not been included in the present
data analysis, as they will be very dependent on the proposed hardware configuration, and it has been our aim to isolate
the propagation induced limitations on high latitude meteor scatter systems,

J.S.Belroe. CA
*. Just a small comment on one of your slides. The frequency dependence of SPE associated absorption probably depends

on the degree of absorption, since the more intense the event the greater will be the absorption at low heights where
collision frequency is high. Recall that absorption becomes independent of frequency when absorption occurs in a
region where the collision frequency exceeds the wave frequency.

Author's Reply
The computation only includes the F relationship. It is true that collision freqencies in the order of I 0 collisions/sec.. '.
which can occur at app. 5(0 km altitude will tend to make the absorption frequency independent during PCA'S.
however this will not change the fact that a 30-40) MHz meteor scatter system will suffer excessive absorption during .,
such an event, be it 6(1 or I00 dlI extra attenuation induced by the PCA.

%'.
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ROUND TABLE DISCUSSION

Panel Members

R.l).Hunsucker. Chairman
PBauer~~~R.A.Greenwald "'i

A.S.Rodger
G.Rose

A E[.Thrane

On the morning of the final day of the AGARD Conference on "Propagation Effects on Military Systems in the High
Latitude Region" a panel discussion was held. Each of the panel members gave a short presentation, followed by comments
from the floor. A questionnaire consisting of the following four questions was circulated by the Chairman of the Round
'Table Discu.si,, the previous afternoon and conference participants were asked to consider the questions before attending
the discussion.

ROUND TABLE DISCUSSION TOPICS

(1) In the context of the subject of this symposium (Propagation Effects on Military Systems in the High Latitude
.l Region), what is the state of our understanding at this time'?

(2) What answers has this symposium provided'?

(3) What directions for future research?

(4) What operational needs require this understanding?

.. The Chairman was responsible for the selection and editing of the statements and bears the sole responsibility for the
omission of points which the speaker may have considered to be important.

ROUND TABLE PANEL MEMBERS' COMMENTS

R.A.Greenwald
I'll present this a bit more generally than just referring to the sessions. This is my view of the situation as it exists. The
users have their "feet on the ground" - they are concerned about systems and how they work, whereas the ionospheric
physicist tends to be "up in the clouds" and we arc interested in things like "how beautiful the aurora is". The question is
, whether the ionospheric physicists can help the users. Some of the users probably wonder after being here for a week.
My opinion is that they can - I feel that they can in the following areas: first of all, most high latitude systems are
ultimately based on engineering models of the ionosphere. The engineers who design these systems, I think - by and
large - do not really understand and aren't particularly interested in the physics of the ionosphere. Now at high
latitudes, in particular, ionospheric disturbance models have to be included. I think, in general, to this data these models
tend to be more statistical in nature in terms of reliability and very often they are based on experience. We have heard
many times in the past 20 or 31 years at these meetings how bad the ionosphere can be. This experience has been
incorporated into the models in an 'ad hoc' fashion. Often these models contain no physics - just a statistical result -
there is no detailed concern about physical processes in terms of why the disturbances occur. Even today there is little
understanding of the physical processes that cause the disturbances. You must have understanding to get the physics
and then you can improve the model. I'm going to go back to ionospheric physics now, and one thing that may not be
appreciated is that advancements in science proceed slowly - it's not something you can do overnight - you can't give
asix month engineering contract to a scientist and say "come ip with an answer on the system": it just doesn't go that
way. It takes time to do research, it takes even more time to do good research. In the last twenty years there have been
many advances in the understanding of the disturbed ionosphere.

I think that the situation today in terms of the processes involved - even propagation to some extent, has improved in
the past twenty years, and I think that in that whole time it must be recognized that the effort and funds put into it have
been at a modest level. There is not a lot of money that goes into research, in comparison to the amount of money that
goes into military systems. Now, the question is. "'can the users hasten the development of knowledge, if they want to get
new systems on line quicker and be sure of their reliability"? I think they can. Flow'? 'The first point is to communicate
the problems, and I don't think there is enough communication of problems that systems have to the ionospheric
physicists. If you do have a problem with a system you are not going to be talking about it at an unclassified meeting like
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this. A physicist often has to know about things in detail rather than things in generality. Another thing that the users can
do is to encourage the support for research, particularly for long-term research. The justification for supporting this
research is to get improved engineering models. Finally, one has to have a better understanding of the failure mode of
systems. You don't want to know on a statistical basis, you want to know the physics of why it is failing. One way to do
this is to actually encourage the development of research instrumentation. There is a very important difference between
research instrumentation and user instrumentation. User instrumentation typically is developed and engineered for the
eventual goal for which it is going to be used. It may have problems which nature is throwing at it and the way in which it
is built may cause it not to be able to attack these problems, Research instrumentation which is directed toward
understanding what nature is throwing at you is designed to attack the problems, and so it can at times provide the
answer to a problem that a military radar has. One case in point is high latitude OTH systems. This work has been done
for probably more than twenty years and all of the measurements made at high latitudes by test systems have shown that
there are problems with "clutter". We still don't understand the spectral bandwidth of the clutter. In fact, often the
backscattered signals tend to be so broad they cause the overall system noise level to increase. I think that we still have
problems with propagation modes on radar systems. We saw some examples of that during the week. What is our
current engineering model for high latitude 0TH systems? Very simple - "don't look north"! As a research instrument
we have the Goose Bay radar that I talked about earlier in the week. It could provide answers on the spectral character
of the clutter, and answers on the propagation modes perhaps better than some of the high latitude systems that have
been used in the past. It may provide information on the vertical extent of the clutter.The vertical extent of the clutter
which affects the O[H radar may be relatively small, and this is important to know. It could eventually be incorporated
into improving engineering models.

The summary of my point is that people who are users should give a bit more attention to what is being done in the non-
user (research) community and see how the results and equipment that are used there might be supported and might
lead to improved understanding of their problems.

P.Bauer
I was asked to say a few words about incoherent scatter in this picture, but before I do I would like to raise a question
which was one of the comments of Ray Greenwald which was that there was "too much geophysics". Maybe we can turn

- the question around - "is there too much statistics."? I think wc could agree that the problem is that we need good
physical characterization of the propagation channel. We can think of an example - look how complex the

I.' magnctospheric processes are.

The other day we saw the aurora and it looked desperate to try to describe this phenomenon and when you think about
it you realize that people like Dr Akasofu with very simple inputs (magnetic field measurements and solar wind
intensity) are able to give a fairly good description of the whole magnetosphere. Therefore, it depends from where you
take the problem, and if you can recall something which happened in the past - for a long time statistics people were
arguing about whether the auroral oval was a circle or whether it was closed or open, and the right answer came when
we had the right view of it - the DMSP satellite. We need statistics to get some ground but we need also the physical
approach, and the two are not opposed but are complementary. So in such a picture, what can an incoherent scatter
system do?

If you consider incoherent scatter radars, they are such expensive devices that we can only have a few (if them, but are
we really far from having a network'? I think the answer is much more optimistic, particularly if you consider that in
addition to this system. you have other huge systems like HF radars. The present location of the HF radars and
incoherent scatter radars give very good coverage of the polar and auroral regions. You have to add to that systems like
SABRE, STARE, and the Goose Bay HtF radar - so that you have excellent coverage of irregularities and motion in
this part of the world. I think that incoherent scatter radars included in the network of other instruments can certainly
provide the basic parameters which are needed. However this is the good side. The weaknesses of incoherent scatter are
that the systems can only operate for part of the time, they cannot be operated continuously. Right now they operate
roughly one-third of the time. They need huge amounts of money and huge amounts of data processing so that is one
drawback for incoherent scatter. The other point is that we need to motivate the incoherent scatter community to the
problems of interest for you today. Some of the people in this community are already much motivated, but the
connection is, generally speaking, very small. Certainly on both sides effort has to be made. This brings up another
point, I think the incoherent scatter radar community is doing something good in this direction. In order to be useful to
the user community the data has to be available in an easy way. There is a considerable effort under the leadership of Dr
Richmond in Boulder to put all the incoherent scatter data in a common data base.

G.Rose
I would like to draw your attention again to the ionospheric modification experiment which is performed by-r
transmitting very intense high frequency waves upwards into the ionosphere. It is a powerful tool to explore the
ionospheric plasma and its reactions on the wave energy input. Depending on the transmitting frequency relative to the
ionospheric plasma density profile and on the transmitted wave polarization, part of the wave energy can be deposited
at any height from the D- up to the maximum of the F-region. In the 1)-region, ohmic heating is the ionospheric reaction
to the intense radio wave input. As a consequence, electron temperatures and electron collision frequencies rise. As a
result absorption increases for radio waves passing through the heated 1)-rcgion. In the 1) and E region if overhead
intense electrojet current is flowing, periodic heating with frequencies up to about 10 KHz will modulate the electrojet
current then radiate these low frequency radio emissions like a huge VI.F antenna to great distances. At larger.
especially at F-layer height t-mode heating is effective. In the vicinity of the reflection level of the high powered heating
%ave it is the parametric decay instability which causes the decay of part of the electromagnetic healing wave into highly
absorbing electrostatic electron plasma waves and ion-acoustic waves. At the same time, field-aligned plasma striations
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of scale sizes between a metre and several kilometres are created after some time. Whereas the heating wave and waves
of neighbouring frequencies transmitted vertically upwards suffer from anomalous absorption under these conditions, ,.,,,.1
striations can, on the other hand, open new propagation paths. Because the striations generally have irregular spatial
structure the radio wave can be scattered from the heated volume, provided that the criterion that the scatterers have a
spacing equal to half the radio wavelength is satisfied. For maximum scatter intensity, the incident ray must be
orthogonal to the field direction. The intensity decreases by some 6 dB per degree of off-orthogonality. Scatter from the
heater-induced-striations have been reported from a wide range of frequencies ranging from -.3 to several hundred
megahertz. As may be seen, suitable ionospheric modification experiments can rather straightforwardly be applied to
practical applications if wanted.

E.Thrane
I happen to be in charge of the frequency prediction service in Norway and it is in this capacity that I will say a few
words now. We are currently using the IONCAP prediction program for our standard frequency predictions. We have a
fairly wide range of customers. The operators up north, (civilian and military), the broadcasting corporation for
planning of their broadcasts to distant areas and to the north, and occasionally we have system planners who ask for our
advice. Now, it is quite obvious that what we are giving these people, as far as the high latitude is concerned, is not very
good. We know that! It is somewhat surprising that they really use these predictions. Why do I know they use it? If we

.* are delayed for any reason, they immediately want their predictions. So I conclude from this that these predictions are,
after all, useful and certainly needed - although we know they are poor. So how do we go about improving the
situation'? There are two ways of dealing with this problem. We could say that the propagation medium is so complex in
this region that "why don't we forget about predictions"? Why don't we design systems that are capable of adapting to
the medium? But I think we must face the fact that very few people can afford to have such systems either in the military
and civilian areas. It is cost effective to try and improve these prediction schemes? I would say it probably is, because in
high latitudes we haven't really incorporated any of the new and not even some of the old knowledge into the schemes.

*,  Take IONCAP as an example (the same goes for any of the other prediction codes), they do not contain such statistics
as have been presented by Dr Hargreaves on auroral absorption and its variation with latitude, time and gcomagnetic
activity, and they certainly contain very little physics of the high latitude region. It will, perhaps, take some time before
these physical models are sufficiently developed to be incorporated into prediction schemes. I think there is a chance it
could be and I think think that we put so little of what we know into these prediction schemes, that an improvement
could be made by fairly simple means. The other point is, what about the short time predictions (in terms of days or
maybe even hours)? In this area we also have sufficient knowledge to be able to do something to improve the situation.
There are very few places where real-time monitoring and short term prediction is being implemented. So I think that
basically there is room for improvement with fairly simple means in these prediction schemes. For example, the people
at ITS in Boulder are working on putting some physics into the IONCAP and the F-region predictions to cover the
areas where you have very few observations.

A.Rodger
I too, shall express my particular bias on a number of matters. First of all, while I appreciate the advantages of
incoherent scatter, we saw during the week a really nice use of simple ionosonde data to supplement incoherent scatter
radar. That means that we could instrument the northern high latitudes with relatively simple machines as long as we
can understand the patterns (whether they are magnetometers, riometers or ionosondes) from them. Incoherent scatter
is certainly one facility that can be used towards this - also some of the more sophisticated ionosondes with direction-
finding capabilities.

One of the problems looking at the ionosphere in the Arctic is that there are very few places that we can actually deploy
experiments. So I would also advocate the use of coherent backscatter radar for this region of the ionosphere. Going on
to modelling, there are a couple of points to be made. Yes, I agree with Ray that the model must be based on physics, if
one can do it. The other thing that I would stress, coming from the Antarctic, is that I think that it is absolutely essential
to validate these models in the Antarctic. The reason for this is the combination of solar and geophysical coordinate
systems down there is fundamentally different. The separation of the geographic and geomagnetic pole in the northern
hemisphere is some eleven degrees, whilst in the southern hemisphere the separation ,', -23. We will need to test any
models developed in the northern hemisphere to make sure we have the physics right.

I'd like to make a comment on the requirement for data also. I fully accept Prof. Akasofu's approach in trying to
understand the disturbances that propagate from the sun through the interplanetary medium and the magnctosphere
down to the ionosphere to affect radio propagation. I think he would be the first to admit, however, that it is going to be
several years before these reach the user community. One of the key features that affects radio propagation at high
latitudes is the interplanetary magnetic field control, and recently we have lost interplanetary field data. So one of the
real weaknesses, as far as short term predictions, is the fact that we don't have really good indication of what is going to N
happen to the medium. Another satellite in "halo" orbit would give us an hour or so warning about particles likely to
impinge upon the earth, and thus predictions for the future.

I have a particular bias I would like to express toward the midlatitudc trough. I think that as physicists we now
understand the physics of the production mechanism and some of the variability and have reasonable empirical models
to w'ork from. So I think that is an area where the user community arnd physicists should get together. TIhc trough is a,
feature that extends over a good part of the NATO area - it extends from north America to Norway.
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AUDIENCE RESPONSE

H.Soicher
All the panelists mentioned that the eventual product that users want is models for prediction purposes. I think this is a
,alid point. Some five years ago this particular panel of AGARD sponsored a symposium on "Modelling and
Prediction", and as I recall as Chairman, the final conclusion that came from that symposium was that we have probably
reached the state of the art in empirical modelling and the only improvement that will come to modelling and
predictions is through phi'sical understanding of the processes. For that reason I was particularly pleased to see a lot of
physics in this symposium, because that fills a need that was expressed at the Modelling Symposium.

J.Borgholthaus
This is more of an observation - since I'm one of the users who is "stuck firmly to the ground" and I'm trying to grab on
to ionospheric physicists who can help me understand what is going on. One of the things that really surprised me is that
there are two approaches to gathering data - you use the "vacuum cleaner" approach and you gather all the data that
occurs all year long, or you go out when it's convenient for a week and you take a "whole pile of data" then come back
and go out four months later for a week. It would seem that particularly in America where scientific research money is
going to become much, much tighter than it has been for the last three or four years that some random statistical
sampling would be a much better way. And if you were trying to tell me how the circuit really was modelled and you
only had a week in February, April and July, December, etc., I'd be really reluctant to say that your data were any good,
because "what happens in August"? It seems that a lot of the things that are looked at from a systems engineering point
of view are "five-cent problems" that take a lot of money to solve and yet you don't tell me how often the thing occurs.
,)o I worry about something that will happen two hours out of the year, or is it something that occurs three times a day'?
I haven't seen these type of problems addressed in this kind of conference.

R.Greenwald
I'd like to respond to that because I think that is a perfect demonstration of what we were trying to say. It is not a
question of taking a random sample to obtain a uniform distribution so you get better probability curves, but ultimately r
what you are concerned about is that you understand the processes, then you'll know when they'll occur. Once you
understand the problem then you can model what the extremes of the situation are going to be. I would say that the
detailed campaign approach is probably the best because that is the only way you can afford to get a large variety of
instrumentation in a certain area at a specific time.

N.Gerson
I wonder if I can disagree somewhat with Ray and the others, not completely, only 97%!I think I could fill up all the
empty spaces on this campus with papers on the ionosphere written since the I 920s and with unanalyzed data. The
point is, that there is a time when you want a fluid dynamicist and there's a time when you want a plumber. 'This is the
case of the practical person. Since the war every communicator who uses the HF ionosphere development of the
various scatter circuits some years ago. There are other examples where practical problems have forced practical
solutions without understanding the ionosphere. r

R.Greenwald
Ionospheric physicists are not in the business of making predictions. I think, however, that the type of work we do
would enable people to make better predictions. Results from coherent backscatter studies could improve the reliability
and operation of OT radar systems. Our goal is to try to provide the understanding.

T.ones
I would just like to respond to Natc comments. I think that I would tend to agree with him, but I think that one thing you
have to be very careful of is that if you dispense with all of your fluid dynamicists and just rely on your "plumbers" there
will conic a time when you need to "design an aeroplane". L.et us keep the basic science and knowledge alive and
,igorous. It s only from a good strength in basic science, that you will find new systems. I don't think that the approach
tf "let's all go and build black boxes" is the way to go at all.

E.Thrane
I think in response to you comment we're facing a very practical situation when you are issuing frequency predictions.
Prediction schemes exist. they arc being used, and we know that often they are giving the wrong answers. We either have
to get rid of them or improve them. I'm not sure which one of the two you would recommend. It seems to me that you
havc to do xom'thing about them. Maybe we can't use the new information, but let us at least put in the things we

already, know.

P.Bauer
Nr( icrson's point is a very good one, becausc it is not ftir (he ionospheric physicist to determine what is needed. It

scens to me that the physicist wants It) sell io much and Itic user dotes not iAnt to buV enotiugh.

.I.Aarons
First of all. I think Nate (icrsin is correct in many aspects of '%hat he said, howevcr, lie may be concentrating a little too
hcavily on I I F communications. In the military area there are certainly nes, needs by otther systcns for ionospheric
infornmation. . S
(huck Rino described the sN'nthetic apcrturc radar (SAR) systems swhich require much more information on phase



RTI)-5 -.

fluctuations and amplitude nluctuations within a small area of the ionosphere. We have military communications at 250
Mli which is severely affected by irregularities. In addition, we have errors in the (ilobal Positioning Satellite system in

", both the military and civilian areas. They are going to have to correct these errors by using years of data on foF2 and
TEC. So there are important new needs that the ionosphere commnunity should satisfy. One has to look very seriously
at the point that Tudor Jones made, ill that the effort in ionospheric research has been decreasing and we are at a
minimum level for the users - which in this case are mostly military. We do supply a basic background of information
for the user comlunifytliv.

TJones
I think thai we must treat ionospheric physics as a subject in its oiwn right. Ionospheric research is a valid part of physics, ".-
like astronony. Now if at the same time, that know ledge can he applied and is useful to someone. that's a plus for tihe
subject - not ia negative.

R.Greenwald %
I think that we do provide new knowledge which can be incorporated into the type of system that one builds. I think that
very often there is no attempt to incorporate this new knowledge into the systems. It is almost as if there are two
communities - the science community and the applied community ard they go off into different directions and there is
no communication. I was trying to say in my presentation that we can make a contribution and I think that you should
recognize that anlld you should support some of tie things wc \%ant to do if you do use it. There arc some tremmdous

results coming out on the nature of the auroral zone ionosphere from the incoherent scatter radars since 1970.

R.Hunsucker
I guess what we need are interpreters between the two communities.

E.Thrane
Dr Gerson, you said that you consider the high latitude ionosphere to be basically unpredictable and you stressed all the
complexities in the physical processes. All the neutral effects are also present at other places on the globe. There
remains the fact that in the middle and low latitudes the present HF prediction schemes are really useful and fairly good.
N point W"as that wc could bring the high latitude predictions somewhat nearer this state by isicluding in them somc of
the statistica! features that we now have knowledge about. One should be able to do this without great cost: it is a matter
of feeding things into the computer in such a way that will reproduce that statistics a little bit better than we do now.

A.Rodger
If you want to improve reliability, you've got to spend money, and that is the stage we've reached in ionospheric physics.
In the short time I've been in the field I would say that there has been a fantastic number of developments in modelling
techniques.The NCAR and Utah state groups can now reasonably model the ionosphere and that has only been
possible vxith the development of very large and fast computers. We're rot yet ti the state where we can do realistic ray
tracings through the ionosphere to produce what you want - which is a perjfct communications system. I think that to
some extent v arc arguing about the last I 1% in reliability, and one must pay a lot for that.

J.Belrost'
*" I would like to make a few comments on obtaining resources and support for carrying out, continuing, and maintaining
* our knowledge base on ionospheric physics. During the past decade resources have significantly decreased for
* ionospheric work and this is in part because of the problems in total resources available throughout the spectrum. The

struggles for resources determine, in pal, what ione does. Morphological studies are needed as well as detailed studies
on a particular geophysical phenomenon. Very often the "highlights" are milked and we don't get down to looking at the

morphological studies. We must insure that communication system designers have applied researchers going in the right
directions - and there has to be a ccrtain ariount of basic research to support this, otherwise they'll invent systems
,hich don't work.

M.Darnell
I think there ha, been a lot of implied criticism of the physicists that they arc not doing responsive research. As an
engineer. I think the engineer,, arc also culpa11C ill this respect for not asking the right qucstions.lihe F-PP has a very
important and val ualih rile to plaN in Isteririg this di.althgue and mutual education between tile two communities.

R.Hunsucker
One closing comment as tie chairman - I think in all seriousness that we can saxv that we really do nued interpreters
be tw\A; en the physicists arid the users. arid tile Lues )i n I t iti ld Isc is -%% ho is qualified and w illing to be an interpreter.

ADDITIONAL ('OMMEiNIS BS HTHE CHAIRMAN

In addition ti tile firego ingC discussion, smic c nlc rcncc parlicipaiw suhnitIcid w ritten responses ti [lie four tquestion is
posed at the start. Ihe tfollowing point, wcre salient in the w rittin responses:,

I ) The IPP should continue to sud v lie arctic itnospheric clfcects on radio 5 ,steiis . "

(2) The arctic regions have a very strong stratgic positionin Ihc NAI) radio coiin unicaion s slcl.

(3) tIF modcs niay be (tic f tie list incalis of Ctmlinunication in a Conlic,

(4) Future meetings should contain ait least one classified session to ensure that specific needs arc being met.
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FOREWORD

This bibliography is not a comprehensive review of the existing literature. It is intended as a guide to some of the current
literature in the subject area, for the benefit of attendees at the conference. More specific references to individual papers are
listed by the authors of the papers.

All references listed here have been obtained from the NASA on-line data base using the ESA-Information Retrieval
Service on-line system and cover the period 1980 - February 1985.

The NASA data base contains references to literature on the science and technology of space and aeronautics.

The references are in two broad source categories:

(1) Items prefixed with an accession number containing the letter A, e.g. 85A 11557; these are items listed in the
-~ American Institute of Aeronautics and Astronautics publication 'International Aerospace Abstracts' (IAA), which

covers world-wide scientific and trade journals, translations of journals and journal articles (usually into English),
books and conference papers.

(2) Items prefixed with an accession number containing the letter N, e.g. 85N 13337; items from NASA'Scientific and
Technical Aerospace Reports' (STAR), which provides parallel coverage of current world-wide report literature.

The majority of the items should be available in microfiche form from the NASA Scientific and Technical Information
Facility in North America, from the British Library Lending Division, or from the ESA-Information Retrieval Service in
Europe.
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14. Abstract

With the advent of new systems operating at high latitudes in the field of detection, navigation and
comn m n ications and with the new experiments at high latitudes ranging from incoherent scatter
studics to satellites for studying high latitude irregularity structure, it is of considerabh importance to
relate the advances in high latitude studies to military systems. 'he concept of this proposal for a
meeting on propagation effects on military systems in the high latitude region was to bring together
these two areas,

The cbehaviour of the propagation cn\i ronment at high lauit ides differs from that at lower latituides.
affecting radi owave propagation across the RF- spectrum. Thc differences are ascribed to rugged
terrain, severe climatic conditions, and influences of the intcrplanctary and magnctospheric
geophysical events which are guided earthward by the geomnagnetic field.

With the NAT() northern flank natiois (in both the Furopean and North-American sectors) situated
in the high-latitude region. with NAT( air routes across the Atlantic traversing that region, and with
surveillance and early-warning systems looking in the direction of the region, the propagation
characteristics of the high-latitude region are of critical importance to the mission of the alliance in
the areas of communications, navigation and surveillance.
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